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The goal of this research project was to characterize the physical and 
electrochemical properties of a commercially available fuel cell-based breath alcohol 
sensor. Characteristics of the existing sensor were compared with state of the art power 
generating fuel cells with the goal of understanding the factors that limit performance, 
lifetime and cost effectiveness of the sensors. This will guide the development of the 
next generation of breath alcohol sensors.  
The average lifetime of the current sensor falls short of the industry standards. In 
particular, sensors operating in dry conditions experience more rapid loss of sensitivity 
and failure. Two primary causes of degradation were investigated in this study. Loss of 
proton conductivity as a result of membrane dehydration was shown to be reversible by 
rehydrating the membrane in humid conditions. Loss of electrochemically active surface 
area of Pt is irreversible and seems to be caused by a change in sensor morphology after 
long-term exposure to dry conditions.   
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1.1 Introduction to Breath Alcohol Testing in Canada 
 A legal limit for ethanol concentration in a driver’s blood was added to the 
Criminal Code of Canada (Section 235) in December 1969. Since then it has been illegal 
in Canada to operate a motor vehicle with a blood alcohol concentration (BAC) greater 
than 0.08, which is equivalent to 80 mg of ethanol per 100 mL of blood. The law also 
gives police the authority to perform mandatory roadside breath alcohol tests using 
approved devices. Approved screening devices are used to look for the presence of 
alcohol in a subject’s breath in order to determine whether there are reasonable 
grounds for evidential testing. Evidential testing is a more thorough and accurate 
procedure involving calibrations, blank samples and more rigorous testing devices.  
Evidential tests typically take place at a police station and are required for conviction in 
a court of law; roadside screening tests are inadmissible.  
 Breath alcohol testing can be used to determine BAC because there is a well 
established ratio of 2100:1 between the concentration of ethanol in blood and the 
concentration of ethanol in the alveolar air deep inside the lungs.1, 2 Breath alcohol 
testing is much more convenient and less invasive than blood sampling. There have 
been several generations of breath alcohol testing devices used in Canada over the 
years, for which a complete review is provided by Wigmore and Langille.3  
Infrared (IR) spectrometry is the primary technology for evidential testing 
because it is presently the most accurate method. However, IR-based devices tend to be 
more expensive and less portable than other devices. As a result, they are not well 
suited to road-side breath alcohol screening tests.    
The original screening devices were n-type semiconductors which relied on the 
change in electrical conductivity of iridium palladium wires in the presence or absence 
of ethanol in a breath sample.3 This technology was found to be unreliable for breath 
alcohol testing because of interference from other organic species commonly present in 
breath, particularly acetone. Consequently, the n-type semiconductor device was 
removed from the list of approved screening devices in 1994 by the Attorney General of 
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Canada.4 Since then it has been replaced by fuel cell-based breath alcohol sensors as the 
primary screening device in Canada.3  
 Fuel cell-based breath alcohol sensors are widely used in Canada and around the 
world. They are used in vehicle interlock systems and as roadside breath alcohol 
screening devices used by law enforcement officers. Fuel cell-based sensors are also 
used in the newest generation of approved evidential devices which combine IR 
technology and electrochemical sensors. If a person has consumed alcohol within 15 
minutes prior to a breath test, their breath will likely contain ‘mouth alcohol’, causing an 
erroneously high result.4 Mouth alcohol is characterized by a dramatic decrease in the 
ratio of ethanol to CO2 over the course of exhalation. IR spectrometry is used to detect 
mouth alcohol by monitoring the relative concentrations of ethanol and carbon dioxide 
(CO2) in a breath sample as the subject exhales.
3 The actual ethanol concentration in the 
breath sample is measured by the fuel cell sensor. These applications require breath 
alcohol sensors that are straight forward to use and give rapid results.5 The sensors are 
also required to operate in a wide range of temperature and humidity conditions 
depending on geographic location and seasonal variations. 
1.2 Proton Exchange Membrane Fuel Cells 
Electrochemical breath alcohol sensors are an interesting application of fuel cell 
technology. Fuel cells are primarily designed and used for electric power generation. A 
fuel cell is a device that directly converts chemical energy in a fuel into electrical energy 
by means of an electrochemical process. The oxidation and reduction half reactions are 
physically separated by an electrolyte to prevent mixing of reactants. Rather than 
electrons being exchanged directly between reactants, the electrons are transferred 
from the anode to the cathode through an external circuit where they can be harnessed 
as electrical energy to power a device. This is similar to a battery except a battery 
contains stored electrochemical potential energy whereas a fuel cell requires a 
continuous supply of reactants and removal of products.  
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There are many variations of fuel cell technology. Fuel cells are typically 
characterized by their electrolyte and the most well known is the hydrogen-oxygen 
proton exchange membrane fuel cell (PEMFC). The electrolyte in a PMFC is the proton 
exchange membrane (PEM), also known as a polymer electrolyte membrane. Figure 1.1 
is a schematic of a typical hydrogen-oxygen PEMFC. Hydrogen gas is fed into the anode 
side through the gas diffusion layer (GDL). Hydrogen is oxidized at the anode, generating 
protons and electrons as shown in equation 1.1.  
     
         Equation 1.1 
Protons are driven across the membrane by a proton concentration gradient that 
decreases moving from the anode to the cathode. Electrons are driven to minimize their 
potential energy by forming lower-energy products at the cathode. The electrons must 
travel to the cathode through an external circuit because the membrane is electrically 
insulating. Air or oxygen gas is supplied to the cathode through another GDL. At the 
cathode, oxygen is reduced by combining with protons and electrons to produce water 
as shown by equation 1.2. 
     
                Equation 1.2 
A fuel cell is a galvanic cell, meaning spontaneous oxidation-reduction (redox) 
reactions take place at the electrodes. This is in contrast to an electrolytic cell which 
requires an input of electrical energy to drive the reaction. In both types of cells the 
anode is where the oxidation reaction takes place. The anode of a galvanic cell is 
negatively charged since it is the source of electrons and the cathode is positive. As the 
electrons flow from the anode to the cathode in the external circuit, protons cross the 




Figure 1.1: Schematic diagram of a proton exchange membrane fuel cell  
The power output of a fuel cell power is the product of the cell voltage and 
current, P=V*I. Therefore, it is desirable to maximize the current and voltage output of a 
power generating fuel cell. The Nernst equation gives the theoretical maximum open 
circuit potential (OCP) that can be achieved by a fuel cell.6 Equation 1.3 is the Nernst 
equation where E° is the reversible potential of the fuel cell at 1 atm and temperature T, 
Rg is the ideal gas constant, n is the number of electrons participating in the reaction, F 
is the Faraday constant (the charge of one mol of electrons, 9.64852 x 104 Cmol-1), 
Preactants is the partial pressure of reactant species and Pproducts is the partial pressure of 
product species. This form of the Nernst equation assumes the fuel cell is operating at 
relatively low pressures, which is applicable for fuel cell-based breath alcohol sensors.6  
     
   
  
  
          
         
                                                 
Fuel cells do not actually operate at the OCP predicted by the Nernst equation. 
There are three main sources of potential losses that lower the actual voltage of an 
operating fuel cell. At low current densities the activation energy of the electrochemical 
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reactions causes slow electrode kinetics leading to a reduction of the cell potential from 
its ideal value. This is referred to as activation losses. Mass-transport losses occur at 
higher current densities when reactants or products cannot permeate through the 
electrodes quickly enough to sustain the fast rate of current production. At typical 
operating potentials the dominant source of potential loss is ionic resistance in the 
membrane. This is referred to as Ohmic loss because it obeys Ohm’s law; ΔV=IR where I 
is the current flowing through the cell and R is overall resistance of the cell, leading to a 
reduction, ΔV, of the overall cell potential. Ohmic losses also include electronic 
resistance in the electrodes, but the contribution is very small compared to the ionic 
resistance of the membrane. The magnitude of the Ohmic loss increases as current 
density increases.  
1.3 Direct Alcohol Fuel Cells  
Fuel cell-based breath alcohol sensors are based on direct alcohol fuel cell 
(DAFC) technology. DAFCs are PEMFCs which use alcohol rather than hydrogen as the 
fuel. However, rather than powering a portable device, a breath alcohol sensor 
generates a current signal that is calibrated to indicate the BAC of a breath sample. A 
schematic diagram of the membrane-electrode assembly (MEA) for DAFC is shown in 
Figure 1.2. The PEM is sandwiched between two gas diffusion electrodes containing 




Figure 1.2: Schematic diagram of a direct alcohol fuel cell (DAFC) 
The ethanol oxidation reaction is complex and generates a mixture of oxidation 
products including acetaldehyde, acetic acid and carbon dioxide according to reactions 
1.4, 1.5 and 1.6 respectively. However, the major oxidation product of ethanol on a Pt 
electrode is acetic acid.7, 8 
                    
                             Equation 1.4 
                          
                       Equation 1.5 
                       
                          Equation 1.6 
The electrons travel through the external circuit to the cathode. Protons 
permeate through the PEM from the anode to the cathode. The sensor cathode is 





electrons at the cathode surface, generating water as a by-product according to the 
equation 1.2 as described above for PEMFCs.  
     
                 Equation 1.2 
1.4 Fuel Cell-based Breath Alcohol Sensors  
Fuel cell-based breath alcohol sensors contain a DAFC MEA.  Figure 1.3 depicts a 
commercially available breath alcohol sensor and a fuel cell MEA that has been removed 
from the sensor cell. The plastic cell consists of two fuel compartments separated by the 
MEA. The cathode compartment is on the top and contains air as a source of O2. The 
anode compartment on the bottom of the cell has two inlet tubes. One tube connects to 
a pump which draws a fixed volume of breath into the anode compartment through the 
other tube. There are two platinum wires visible on the right side of the cell. The other 
end of each wire is in contact with the anode or cathode of the MEA inside the cell. The 
wires are used to electrically connect the cell to an external device.  
 
Figure 1.3: Commercially available breath alcohol sensor (on the left) and the fuel cell 
MEA that has been removed from a sensor cell (on the right) 
Fuel cell-based breath alcohol sensors can be operated as amperometric or 
voltammetric devices. Voltammetric operation requires connecting the sensor in series 
with a fixed load resistance and measuring the induced voltage when a breath sample is 
supplied.9 The amperometric mode of operation requires the sensor to be held at a 
fixed potential such as 0.9 V vs. RHE so that ethanol oxidation will take place. The 
induced current is measured when a breath sample is provided.7 A fixed volume of 
breath is passed into the anode compartment of the sensor. If there is ethanol present 
in the breath sample the ethanol will be oxidized on the Pt surface in the anode. The 
9 
 
number of electrons (charge) generated at the anode is proportional to the ethanol 
concentration in the sample. The signal response is calibrated against BAC calibration 
standards so that the output of the sensor device is a BAC based on either limiting 
current or total charge. All sensor performance experiments in this study were 
conducted in amperometric mode and charge was used as the signal.   
The goal of this research is to relate the performance of commercially available 
breath alcohol sensors to the physical properties of the sensor materials. Comparisons 
will be drawn between the materials used in commercially available breath alcohol 
sensors and current state of the art PEMFC technology. Materials and structures used in 
current power generating fuel cells are discussed in detail in the following sections. 
1.5 PEM Materials and Properties 
1.5.1 Nafion PEMs 
The state of the art PEM for power generating fuel cells is Nafion® invented by E. 
I. du Pont de Nemours & Co.10 Nafion is a perfluorosulfonic acid (PFSA) polymer with the 
structure shown in Figure 1.4a. Nafion membranes can be made by melt-extrusion from 
a powder resin or by casting from a dispersion of the polymer. Membranes with 
different equivalent weights (EW) can be produced by varying the values of x, y and z. 
EW is a ratio of the weight of the polymer in grams to the moles of sulfonic acid groups. 
A higher EW refers to a membrane with a lower degree of sulfonation. Nafion 
membranes are available with EW ranging from 900 to 1400, however 1100 is the most 
common. Different thicknesses of Nafion membranes are also manufactured. The most 
common are 2, 5 and 7 mils, where 1 mil = 0.001 inch = 25.4 µm. Nafion membranes 
have their own nomenclature which indicates both EW and thickness of a particular 
membrane. For example, Nafion 112 refers to a membrane with EW of 1100 and 
thickness of 2 mils.  
The hydrophobic perfluorinated carbon backbone of Nafion is based on 
polytetrafluoroethylene (PTFE or Teflon) shown in Figure 1.4b. This makes Nafion very 
thermally and chemically stable, electronically insulating and insoluble in water.10 These 
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properties are essential for fuel cell membranes. They must be able to operate at 80 °C 
in the presence of oxidizing and reducing species.6 It is essential that Nafion provides 
electronic insulation because otherwise the fuel cell would short circuit. If Nafion were 
water soluble it would dissolve during fuel cell operation since water is generated at the 
cathode. Additionally, Nafion has good mechanical strength which allows it to withstand 
the common stresses experienced by a fuel cell membrane. In an operating fuel cell, the 
membrane undergoes repeated swelling and contraction as its hydration state changes 
in varying temperature and humidity conditions.  
 
Figure 1.4: Chemical structure of a) Nafion and b) Teflon polymers 
In addition to the hydrophobic backbone, Nafion possesses hydrophilic 
sulfonated side chains. As a result, Nafion membranes undergo nanoscopic phase 
separation between the backbone and side chains. This creates distinct hydrophobic 
regions and hydrophilic channels containing a high concentration of sulfonic acid (SO3
-) 
groups.11 In sufficiently humid conditions, the sulfonic acid groups are surrounded by a 
hydration sphere of water molecules. These water-filled channels containing SO3
- groups 
endow Nafion with its high proton conductivity. There are alternative PEMs based on 
styrene12, poly(arylene ether)s such as poly(arylene ether ether ketone) (PEEK)13, 
poly(imide)s14, and other materials. Nafion and other PFSA membranes are by far the 
most commonly used membranes for PEMFCs.10 
1.5.2 Proton Conductivity in PFSA Membranes  
Proton conduction in Nafion membranes is believed to occur via the Grotthuss 
mechanism. Although there is still debate regarding the exact mechanism, the general 
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idea is that a proton ‘hops’ from one water molecule to another along the hydrophilic 
channels, forming cationic species such as H5O2
+ or H9O4
+ along the way.15 As such, the 
proton conductivity of a PEM is highly dependent on the water content of the 
membrane.  
Proton conductivity (ςH+) in a PEM is described by equation 1.7 where F is the 
Faraday constant, [H+] is the proton concentration in the membrane and µH+ is proton 
mobility in the electrolyte. Sulfonic acid groups contain exchangeable acid protons. 
Therefore, increasing the number of sulfonic acid groups in the membrane increases the 
proton concentration and proton conductivity.  
         
                                   Equation 1.7 
Overall membrane resistance R is determined by the membrane thickness l, 
cross-sectional area A, and resistivity ρ according to equation 1.8. Resistivity is the 
inverse of membrane proton conductivity and is an intrinsic property of the membrane 
material. Proton conductivity has units of Scm-1 where 1 S = Ω-1. It is clear that 
membrane resistance can be decreased by reducing the membrane thickness, increasing 
the cross-sectional area or by increasing the proton conductivity. Membrane thickness 
and cross-sectional area are fairly fixed. Proton conductivity is the variable with the 
most room for improvement in most current membrane materials. 
   
 
 
                          Equation 1.8 
 Membrane resistance reduces the overall cell potential by causing internal losses 
that obey Ohm’s law, ΔV=IR. This is referred to as the IR drop in a fuel cell. In a power 
generating fuel cell the overall cell potential is very important for maintaining a high 
power output. Conversely, a breath alcohol sensor is not required to generate a large 
power output. Furthermore, the current generated by a sensor is very small, so the 
impact of a resistive PEM is reduced. 
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1.5.2 Drawbacks of Nafion 
Although Nafion membranes exhibit excellent proton conductivity when 
sufficiently hydrated, Nafion begins to dry out and lose proton conductivity at 
temperatures greater than 80 °C. There is currently research into creating PEM 
materials that are more resistant to high temperatures and low humidity. A common 
technique is to prepare composite membranes by adding hygroscopic materials such as 
SiO2 (silica) to the pores of Nafion.
16 These membranes have enhanced water uptake at 
higher temperatures and in lower humidity conditions.17, 18 However, SiO2 also partially 
blocks the pores in Nafion, reducing the proton conductivity.19 Sulfonated SiO2 is 
commonly used in an effort to counteract the reduction in proton conductivity resulting 
from blocked pores.18, 20  
Another drawback to Nafion is that it allows ethanol crossover in DAFCs.21  
Ethanol permeates through the water-filled pores of Nafion and becomes oxidized at 
the cathode. This generates a mixed potential at the cathode, resulting in a reduced cell 
potential.22 This issue is mitigated by using thicker membranes such as Nafion 117 in 
DAFCs rather than Nafion 112 which is typically used in H2-O2 PEMFCs. Another strategy 
is adding SiO2 into the pores of Nafion to block ethanol molecules from crossing through 
to the cathode.23 The thick PEM in commercially available breath alcohol sensors is not 
expected to exhibit ethanol crossover.      
1.6 PEMFC Electrodes 
 The function of fuel cell electrodes is to facilitate transport of reactants to the 
catalyst surface to promote the electrochemical reactions. For the electrochemical 
reactions to take place the catalyst site must be accessible to gas-phase reactants, 
protons and electrons. These active locations are referred to as the three-phase 
boundary.6 Transport of reactants to the three-phase boundary is achieved by the 
various elements of the electrodes. State of the art fuel cell electrodes consist of a 
combination of materials including a GDL and a catalyst layer. The GDL is typically 
Teflon-coated carbon fiber paper (CFP) or carbon cloth. It is responsible for mass 
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transport of gaseous reactants to the catalyst and water away from the catalyst layer. 
Water management is important in fuel cell electrodes because too much water causes 
flooding. Liquid water inhibits gas diffusion to catalyst sites, resulting in mass transport 
losses. CFP and carbon cloth are electronically conductive and also act as current 
collectors to transport electrons from the catalyst layer to the external circuit.   
1.7 PEMFC Catalysts  
Fuel cell catalyst layers are also designed to optimize the three-phase boundary. 
As shown in Figure 1.5, catalyst layers typically contain catalyst particles dispersed on a 
carbon support and a proton conducting binding material.24 Catalyst particles are less 
active the farther they are from the PEM because it is difficult for protons to migrate 
through the catalyst layer. For this reason an ionomer is added to extend proton 
conducting pathways from the membrane to catalyst particles deeper in the catalyst 
layer. Nafion or similar PFSA polymer materials are the most common but other 
ionomers are also used.24 The solubilized ionomer can be added to the catalyst ink 
before deposition or as a thin film onto existing electrodes.25-28  
 
Figure 1.5: Schematic diagram of the structure of a fuel cell catalyst layer containing 




Optimal Nafion loadings in the catalyst layer depend on catalyst loading.27 For 
catalyst layers containing 20 wt.% Pt on carbon black, 30-40 wt.% Nafion loading has 
been shown to be optimal for enhanced proton conductivity, complete wetting of the 
catalyst by ionomer and gas diffusion.27-29 Nafion loadings below 30 wt.% are insufficient 
to make contact with the maximum amount of catalyst surface. Loadings over 45 wt.% 
block pores and cover catalyst sites, similar to the effects of too much water in the 
catalyst layer.24 Ionomer content in the catalyst layer is an important factor in optimizing 
the catalyst utilization efficiency.   
1.7.1 Platinum Utilization and Electrochemically Active Surface Area (ECSA) 
Pt is the best catalyst for H2 oxidation and O2 reduction; however it is a very 
expensive metal. The cost of fuel cell electrodes can be greatly reduced by minimizing 
the mass of Pt required while maintaining the same catalytic activity. % Pt utilization is a 
measure of how efficiently Pt is used in an electrode and is calculated using equation 
1.9. Real surface area of Pt is the amount of Pt surface area that is actually catalytically 
active and is estimated using cyclic voltammetry. Total surface area of Pt is calculated 
using the known mass of Pt and average Pt particle size determined by X-ray diffraction 
and the particles are assumed to be uniformly sized spheres with radius r and surface 
area 4πr2.41 
                  
                       
                        
                                 
Another measure of Pt utilization is the electrochemically active surface area 
(ECSA). ECSA is a ratio of the real surface area of Pt to the mass of Pt in an electrode, 
reported in m2g-1. It is desirable to maximize the % Pt utilization and the ECSA of Pt by 
reducing the amount of inactive Pt in fuel cell electrodes. As described above, adding a 
proton conducting ionomer such as Nafion to the catalyst layer has a large impact on 
improving the % Pt utilization and ECSA.  
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1.7.2 Pt-based Alloy Catalysts for DAFCs 
Complete oxidation of ethanol to CO2 (reaction 1.6) requires breaking the C-C 
bond and occurs via several steps involving adsorbed intermediate species.21 Pt is the 
most efficient catalyst for C-C bond cleavage, but it is not efficient at catalyzing the 
subsequent steps.30 In particular, the final step involves oxidation of CO or CO-like 
species that are adsorbed on the Pt surface. This requires dissociative adsorption of 
water on adjacent Pt sites to provide adsorbed hydroxyl (-OH) groups as shown by 
reaction 1.10. On a pure Pt surface this occurs at potentials above 600 mV vs. reversible 
hydrogen electrode (RHE). The rest of the ethanol oxidation steps take place at 
potentials below 400 mV.31 Therefore, CO-like intermediates tend to stay strongly 
adsorbed on Pt sites, poisoning the catalyst.2, 5 In contrast, various Pt alloys have been 
shown to promote electro-oxidation of adsorbed CO to CO2 by adsorbing hydroxyl 
groups at lower potentials.32, 33  
                 
                          Equation 1.10 
Many binary, ternary or quaternary Pt-based alloys have been investigated for 
their effectiveness at oxidizing ethanol. The most common catalysts for DAFC anodes 
are bimetallic PtSn and PtRu alloys.34 In a study comparing PtSn, PtRu, PtMo and Pt 
electrocatalysts for DAFCs, PtSn and PtRu were both superior to Pt, with PtSn giving the 
best performance.33  
1.8 Thesis Objectives 
 This study aims to investigate the fundamental relationships between physical 
and electrochemical properties and overall sensor performance and operational 
lifetime. Ultimately, the goal of this work is to identify modifications that could be made 
to improve the existing sensor or materials that could be used to develop the next 
generation of fuel cell-based breath alcohol sensors. Commercially available 
electrochemical breath alcohol sensors are based on PEMFC technology developed 
more than 30 years ago.7, 35 Significant improvements have been made in power 
generating fuel cell materials in the past 20 years.6, 16 Some of those advancements 
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could be implemented into the current breath alcohol sensors to make them more 
sensitive, durable and/or cost-effective. Improvements may include replacing the 
membrane and electrodes with materials commonly used in power generating fuel cells. 
  In practice, commercially available breath alcohol sensors on the market today 
are not meeting the ever growing industry standard for operational lifetimes. The 
sensors are expected to last 5-7 years before needing to be replaced. However, the 
sensor lifetimes typically range from 2-5 years depending on the location of their use. In 
particular, sensors that are assembled or used in low-humidity conditions tend to lose 
sensitivity and fail more quickly. Since replacing failed sensors is expensive and 
inconvenient, manufacturers are faced with the challenge of improving the operational 
lifetimes of the current sensors or designing an entirely new generation of sensors to 
meet the industry requirements.  
This study investigates how the physical properties of a commercially available 
breath alcohol sensor are affected by environmental conditions such as changing 
humidity and long-term exposure to dry conditions. We are interested in determining 
the primary cause of degradation for breath alcohol sensors in dry conditions. It is 
hypothesized that there are two primary factors that are responsible for the loss of 
sensitivity: increased ionic resistance of the membrane caused by membrane 
dehydration and loss of ECSA of Pt resulting from morphology changes in the electrodes. 
Ionic resistance of the membrane was monitored using EIS and ECSA of Pt was 
estimated using cyclic voltammetry. Sensory performance was evaluated by dose 
response calibration experiments for sensors at various degrees of membrane 
hydration. Based on these results, modifications to the sensor composition have been 
proposed that could lead to the development of the next generation of fuel cell-based 










2.1 Morphology of Sensor Electrodes and PEM 
   All breath alcohol sensors used in this study were provided by Alcohol 
Countermeasure Systems. 
2.1.1 Optical Microscopy 
 Optical microscope images were obtained using a National Digital Microscope 
model DM-0754 with a 0.3 Mega Pixel camera and Motic Images Plus 2.0 software.  
2.1.2 Scanning Electron Microscopy (SEM)  
 SEM micrographs of sensor MEAs were acquired using a JEOL JSM 6400 scanning 
electron microscope at a working distance of 8 mm and an accelerating voltage of 20 
keV. Cross-sectional views of MEAs were obtained after cutting an MEA in half to expose 
a flat edge. Samples were mounted on Al SEM stubs using double-sided carbon tape.  
2.1.3 Transmission Electron Microscopy (TEM) 
Catalyst material was harvested from a sensor and sonicated in a small volume 
of dichloromethane (anhydrous, 99.8%, Sigma-Aldrich) for 30 minutes. This mixture was 
transferred to a micro-centrifuge tube and centrifuged for ten minutes. The liquid was 
decanted from the tube, leaving the wet catalyst material at the bottom of the tube. A 
pipette was used to deposit a small drop of the wet catalyst material onto a Formvar 
carbon-coated 300-mesh copper grid. The copper grid was cleaned first by dipping twice 
in methanol (Fisher Scientific) and letting it dry. TEM images were obtained using a JEOL 
100CX STM microscope with a 3.25 by 4 inch plate film. 5’ x 7’ pictures were developed 
from negatives at a resolution of 200 dpi.   
2.1.4 X-ray Diffraction (XRD) 
 Powder XRD was used to estimate the average size of Pt particles in the sensor 
electrodes. The catalyst layer was harvested from a fresh sensor and rinsed multiple 
times with water and acetone (Fisher Scientific) prior to being made into powder. XRD 
spectra were acquired using a Bruker D8 diffractometer with a Cu Kα X-ray source. The 
Scherrer equation was used to calculate particle size from the spectral line broadening.  
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2.1.5 Brunauer-Emmett-Teller (BET) Surface Area 
 BET surface area analysis was performed on catalyst material harvested from a 
fresh sensor. The instrument was a Gemini VII 2390 Surface Area Analyzer. The sample 
was degassed under vacuum overnight before collecting the BET measurement.  
2.2 Material Characterization Techniques 
2.2.1 Energy Dispersive X-ray Spectroscopy (EDS) 
EDS was used to investigate the elemental compositions of sensor materials. The 
accelerating voltage was 20 keV and the working distance was 25 mm. In EDS a sample 
is bombarded with a beam of high-energy electrons, causing an electron to be emitted 
from an orbital. That orbital is then filled by an electron from a higher-energy orbital 
and a characteristic X-ray is emitted and detected. EDS was performed using the 
scanning electron microscope with a VG instruments EDS detector. 
The sensor membrane was investigated using a cross-sectional piece of MEA. 
The electrodes were studied using a small cross-sectional piece of an MEA mounted on 
an SEM stub with the electrode side exposed to the electron beam.  
2.2.2 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) was used to analyze catalyst material 
harvested from sensor MEAs. A scalpel was used to scrape catalyst material from an 
MEA without removing the gold layer between the catalyst layer and the membrane. 
Harvested catalyst material was pressed onto double-sided copper tape on an XPS stub. 
All XPS spectra were collected by a Thermo Instruments 310-F Microlab spectrometer 
with a monochromatic Mg Kα (hν=1253.6 eV) X-ray source. Peaks were fitted using 
optimized Gaussian-Lorentzian curves and a Shirley background. 
2.2.3 Thermogravimetric Analysis (TGA) 
 Thermogravimetric analysis (TGA) was performed using TA Instruments Q600 
SDT thermal analyzer controlled by QSeries software. Samples were heated in alumina 
pans from room temperature to 1000°C at a heating rate of 20°Cmin-1. The atmosphere 
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in the furnace was either extra dry air (Praxair) or argon (99.999%, Praxair) flowing at 50 
mLmin-1. Data processing was done using TA Universal Analysis software.  
2.2.4 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) 
Inductively coupled plasma-optical emission spectroscopy (ICP-OES) is an optical 
atomic spectrometric technique. Argon plasma is used to convert the sample into 
gaseous atoms or ions and to thermally excite valence electrons to higher energy states. 
When an excited electron relaxes back to the ground state, a photon with a 
characteristic wavelength is emitted. The number of photons emitted at the 
characteristic wavelength of a particular element is proportional to the concentration of 
that element in a sample.  
ICP-OES was performed to obtain the weight loadings of platinum and gold in the 
commercially available sensors. Two sensor MEAs were individually digested overnight 
in approximately 15 mL of aqua regia. Aqua regia was prepared by mixing hydrochloric 
acid (HCl, ACS-Pur, Fisher Scientific Canada) with nitric acid (HNO3, ACS reagent grade, 
70%, Sigma-Aldrich) in a 3:1 ratio by volume. The metals completely dissolved in aqua 
regia resulting in orange-coloured metal solutions and leaving the insoluble membranes 
and white flakes of catalyst binder. The metal solutions were filtered through Wattman 
42 filter paper and then diluted in 250.0 mL volumetric flasks to obtain appropriate 
concentrations of gold. The samples were further diluted in the ratio 1:50 to reduce the 
Pt concentration into the 0-20 mgL-1 range. A blank aqua regia solution was also filtered 
and diluted to the same concentration.  
 A series of mixed platinum and gold standard solutions in the concentration 
range 1 to 20 mgL-1 were prepared by diluting a platinum ICP standard (1000 mgL-1 Pt in 
10% HCl, Assurance) or a gold ICP standard (1000 mgL-1 Au in 3% HCl, Spectropure). 
Calibration curves were prepared by analyzing the series of prepared standard solutions. 
All measurements were performed using a Varian Vista-MPX (CCD Simultaneous ICP-
OES). The characteristic wavelengths investigated were 214.424 nm for Pt and 242.794 
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nm for Au. All measurements were performed in triplicate and the average 
concentration was calculated for each metal.  
2.2.5 Fourier Transform Infrared Spectroscopy (FTIR) and Raman 
Spectroscopy 
A Thermo Nicolet Avatar 370 DTGS equipped with Smart Performer ATR was 
used to collect IR spectra. Raman spectra were collecting using a custom Renishaw 
Raman microscope with argon ion (514 nm) laser. Samples were placed on a glass slide 
for Raman analysis or directly onto the germanium crystal for FT-IR analysis. FT-IR 
spectra were acquired using 20 scans and Raman spectra were collected using 40 scans.  
2.3 Electrochemical Measurements  
 Unless otherwise stated, electrochemical experiments were performed in 
ambient conditions in the laboratory (pressure of 1 atm and temperature of 
approximately 22 °C). 
2.3.1 Ethanol Oxidation Activity of Harvested Catalyst Material 
A catalyst ‘ink’ was prepared by harvesting approximately 11 mg of catalyst 
material from a sensor MEA. An analytical balance was used to find the weight of 
catalyst material to a precision of 0.0001 g. The catalyst material was mixed with 400 µL 
of a 50% aqueous solution of isopropyl alcohol (IPA, histological grade, Fisher Scientific) 
and 100 µL of 5% Nafion dispersion (1100 EW, 5% wt. in alcohols, Ion Power Inc.). Note 
that this Nafion loading corresponds to 30 wt. % Nafion in the resulting ink deposits. The 
purpose of adding Nafion solution to the catalyst ink was to increase adherence of the 
catalyst material to the glassy carbon electrode. The mixture was mixed ultrasonically 
(Fisher Scientific, 42 kHz) for 30 minutes to create a homogeneous ink suspension.  
Linear Sweep Voltammetry (LSV) was performed using the three-electrode glass 
mini cell shown in Figure 2.1. A high precision syringe (Hamilton) was used to deposit a 2 
µL drop of ink onto a 3 mm glassy carbon working electrode (CH Instruments). A Pt wire 
counter electrode (0.5 mm diameter, CH Instruments) was used to generate applied 
potentials at the working electrode. The current generated at the working electrode was 
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monitored using a Ag/AgCl reference electrode (1.0 M KCl electrolyte, porous Teflon tip, 
CH Instruments). Linear sweep voltammograms were obtained in 0.5 M sulfuric acid and 
0.5 M sulfuric acid + 1.0 M ethanol solution. The electrolyte solutions were prepared by 
diluting sulfuric acid (Fisher Scientific) and ethanol (95%, Commercial Alcohols Inc.). All 
solutions were purged by bubbling N2 for at least ten minutes. An SI 1286 
Electrochemical Interface with CorrWare 3.2c software was used to conduct the 
measurements. The applied potential at the working electrode was increased from 0 mV 
to 1200 mV vs Ag/AgCl at a sweep rate of 50 mVs-1.  
Given the poor conductivity of ethanol, the voltammogram in ethanol was 
obtained by subtracting the voltammogram in sulfuric acid from the voltammogram in 
sulfuric acid + ethanol. Sulfuric acid was required to form an electrolyte solution. 
 
Figure 2.1: Half-cell setup for CV and LSV experiments including glassy carbon working 
electrode, Pt wire counter electrode and Ag/AgCl reference electrode immersed in N2–
purged 0.5 M sulfuric acid solution 
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2.3.2 Cyclic Voltammetry of Harvested Catalyst Material 
Catalyst inks were prepared using the procedure described in 2.2.1 and the same 
electrochemical cell setup was used. A series of ink deposits (2-6 µL) were made onto 
glassy carbon working electrodes and allowed to dry for 30 minutes. Cyclic 
voltammograms (CVs) were obtained while the electrodes were immersed in 0.5 M 
sulfuric acid. The applied potential at the working electrode was cycled between -280 
mV and 1200 mV vs. Ag/AgCl at a sweep rate of 100 mVs-1.  
2.3.3 Electrochemical Impedance Spectroscopy (EIS) Measurements of Ionic 
Resistance of Sensor Membranes 
Impedance refers to the total opposition to the flow of current in an A.C. circuit. 
EIS is used to separate the real impedance (resistance) from the imaginary impedance 
(capacitance) in a fuel cell. The total impedance of a fuel cell contains contributions 
from several sources as shown by Figure 2.2. Imaginary impedance corresponds to 
capacitance (C1 and C2) resulting from an electric double layer at the catalyst-electrolyte 
interface in both electrodes. Capacitance is assumed to be uniformly distributed 
throughout an entire electrode.36  
The real impedance has several components: contact resistance (Rc), which is the 
resistance of the connecting wires and contact between the wires and electrodes, 
resistance in the catalyst layers (R1 and R2) and the ionic resistance of the membrane 
(Rm). The resistance in the catalyst layers results from a combination of electronic and 
ionic resistance where ionic resistance refers to how easily protons are able to travel 
from Pt sites in the catalyst layer to the membrane. The electronic resistance is 
negligible compared to the ionic resistance. The major contribution to the real 




Figure 2.2: Representation of the sources of electrochemical impedance in a fuel cell. 
Rc is contact resistance, R1 and R2 are electronic and ionic resistance in the catalyst 
layers, C1 and C2 are capacitance due to electric double layers at the electrode-
electrolyte interface and Rm is ionic resistance of the PEM. 
EIS was used to monitor the ionic resistance of the membrane under different 
hydration conditions. A Solartron SI 1260 Impedance Analyzer was used in combination 
with a Solarton 1470 E multichannel potentiostat and Multistat 1.1d software (Scribner 
Associates Inc.). A constant D.C. bias of 0.0 V vs. OCP was applied across a sensor and a 
small A.C. perturbation was applied with amplitude of 5 mV. The frequency of the A.C. 
potential is scanned from high to low frequency over the range 0.1 Hz to 100 kHz and 
the resulting current is measured. The D.C. limit is achieved as the A.C. frequency 
approaches infinity. Under this condition the imaginary impedance is zero because the 
resistance of a capacitor is zero in a D.C. circuit. Therefore, at the high-frequency limit, 
the impedance is dominated by the ionic resistance of the membrane.   
The result of an EIS measurement is displayed as a Nyquist with real impedance 
(Z’) on the x-axis and imaginary impedance (Z”) on the y-axis. The Nyquist plots for the 
breath alcohol sensors tested were nearly-vertical lines, similar to that shown in Figure 
2.3. ZView software (Scribner Associates Inc.) was used to apply a line of best fit to the 
Nyquist plot in order to extrapolate the high frequency resistance (HFR). The HFR is 
given by the intercept with the real impedance axis and is assumed to be the ionic 




Figure 2.3: Simple Nyquist plot demonstrating the high frequency resistance 
2.4 Accelerated Humidity Cycling of Sensor Membrane  
2.4.1 Water Uptake of MEA Equilibrated in a Controlled Humidity Chamber 
 The MEA was removed from a sensor that had been stored for several months in 
ambient conditions in the laboratory. The original weight of the MEA was measured at 
22 °C and relative humidity (RH) of less than 20%. The MEA was placed in an ESPEC SH-
241 bench-top temperature and humidity chamber at 42% RH and a constant 
temperature of 25°C. The MEA was allowed to equilibrate under those conditions for 12 
hours and then its weight was recorded. The RH setting was increased to 50% and then 
from 50% to 90% in increments of 10%. The weight of the MEA was recorded after 
equilibrating at each RH for 12 hours. The RH was then decreased from 90% to 40% in 
increments of 10% and the weight of the MEA was again recorded after equilibrating for 
12 hours at each interval. After completing the hydration-dehydration cycle at a 
constant temperature of 25°C, the temperature was increased to 37°C. The initial RH 




2.4.2 Accelerated Membrane Dehydration Cycling by Equilibrating the Sensor 
in a Controlled Humidity Chamber 
Three sensors of various ages (made in 2004, 2007 or 2010) were placed in the 
humidity chamber at 30% RH and a constant temperature of 25 °C. The sensors were 
allowed to equilibrate under those conditions for 12 hours. Each sensor was individually 
removed from the humidity chamber and EIS was used to measure the membrane 
resistance. The sensors were returned to the humidity chamber and the RH setting was 
increased to 40%. This process was repeated, increasing the RH by 10% increments up 
to 90% and the final increase was up to 95%. The RH was then decreased back to 90% 
and then in increments of 10% back to 50%. The membrane resistance of each sensor 
was measured after equilibrating for 12 hours at each setting. 
2.4.3 Accelerated Membrane Dehydration by Flowing N2 through the Sensor 
after Hydrating in Humidity Chamber 
In the previous experiments the membrane hydration was cycled by 
equilibrating a sensor or MEA in a humidity chamber for 12 hours at fixed temperature 
and RH. In this experiment the sensor is hydrated by equilibrating in the humidity 
chamber and dehydrated by flowing dry N2 through the anode compartment of the 
sensor.   
Short-term accelerated membrane dehydration cycling was performed over the 
course of two successive days. A sensor was pre-conditioned by equilibrating for 24 
hours at 25 °C and 95% RH in the bench-top temperature and humidity chamber. On the 
first day of measurements the sensor was removed from the humidity chamber and an 
EIS measurement was made immediately. Dry N2 (99.998%, Praxair) was then passed 
through the anode compartment continuously for 100 minutes while making periodic 
EIS measurements to monitor the ionic resistance of the membrane. After 100 minutes 
the sensor was returned to the humidity chamber to equilibrate for 24 hours again at 25 
°C and 95% RH.  The next day the sensor was removed from the humidity chamber and 
the procedure from day 1 was repeated.  
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2.4.4 Accelerated Membrane Hydration-Dehydration Cycling by Flowing N2 
through the Sensor 
In this experiment the membrane hydration was manipulated by flowing dry or 
humidified N2 through the sensor rather than equilibrating the sensor in the humidity 
chamber. Longer term accelerated membrane dehydration cycling was done over a 
period of ten days. Seven hydration-dehydration cycles were performed by alternating 
between flowing dry or humidified N2 through the sensor anode compartment.  The 
schematic in Figure 2.4 shows the experimental setup for accelerated membrane 
dehydration cycling. A gas line from the N2 cylinder was split using a 3-way valve. One 
side of the 3-way valve led directly to a flow meter to deliver dry N2. The other side 
flowed through a water bubbler to humidify the N2 before reaching the flow meter.  The 
gas feed could be easily switched between dry and humidified gas by simply toggling the 
3-way valve. During measurements the flow meter was set to a constant flow rate of 85 
mLmin-1 for dry N2 and 100 mLmin
-1 for humidified N2. The two different flow rates were 
a consequence of the presence of the bubbler and not intended for any particular 
reason. 
 
Figure 2.4: Schematic diagram of the experimental setup for accelerated membrane 
dehydration cycling using flowing N2 
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The initial membrane resistance of a fresh sensor was measured using EIS. The 
membrane was then fully hydrated by flowing humidified N2 with EIS measurements 
every three minutes. Once the HFR stabilized at its fully hydrated value, the gas flow 
was switched to dry N2 to dehydrate the membrane. Membrane resistance was 
monitored using EIS while simultaneously flowing dry or humidified N2 gas through the 
sensor.  
Five cycles were performed in which the membrane was consistently dehydrated 
to a HFR of approximately 9 Ω and then rehydrated to a stable, fully-hydrated value. In 
the sixth cycle the membrane was dehydrated to quite a large value of 86 Ω before 
being rehydrated. For the seventh cycle the sensor was allowed to become extremely 
dehydrated, resulting in a HFR value of approximately 15800 Ω. The sensor was 
rehydrated again and then placed in an oven overnight at 55 °C.  EIS was then used to 
measure the HFR after drying out the membrane in the oven overnight. 
2.5 Dose Response Calibrations to Evaluate Sensory Performance  
 The performance of a series of sensors was evaluated using ‘dose response’ 
calibrations. An SI 1286 Electrochemical Interface with CorrWare 3.2c (Scribner 
Associates Inc.) software was used to collect the measurements. The sensor was 
operated in 2-electrode mode with the ethanol side as the working electrode while the 
oxygen side served as the counter and reference electrode. A constant potential of 500 
mV was applied to the ethanol working electrode and the current between the 
electrodes was measured continuously. The baseline current was established over a 
period of 25 minutes before beginning ethanol injections. During this time the cell was 
held at the constant potential of 500 mV and the anode compartment was open to 
atmosphere. The magnitude of the baseline current was dependent on the membrane 
resistance (I=V/R) and varied slightly from one experiment to the next.  
 Alcohol reference solutions (Alcohol Countermeasure Systems) were diluted to 
prepare a series of simulated breath samples in which the concentration of ethanol 
vapour in the headspace above the samples ranged from 0.005 to 0.150 % BAC at 34.0 
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°C. The breath sample solutions were prepared in glass vials and sealed with parafilm. A 
‘blank’ sample was prepared using distilled water to give a BAC of 0.000. To ensure the 
desired partial pressure of water vapour in the headspace, the samples were 
equilibrated in a water bath at 34.0 °C until immediately prior to use. At this 
temperature, concentration of saturated water vapour in the headspace was very 
similar to the known concentration of water vapour in human breath at 34°C.37  
Figure 2.5 is a schematic representation of the experimental setup for dose 
response calibrations. Simulated breath samples were introduced to the sensor using a 
solenoid pump (provided by Alcohol Countermeasure Systems) attached to the outlet of 
the ethanol compartment.  Application of 12 V D.C. (Extech Instruments power supply) 
to the solenoid activated the pump to draw in a set volume of 0.5 mL. A switch was used 
to alternate between applying 0 V or 12 V to the solenoid pump. The inlet to the ethanol 
compartment was attached to a short piece of tubing. The other end of the tube was 
inserted into the headspace of a sealed vial containing an ethanol solution. Each time 
the pump was activated, 0.5 mL of vapour from the headspace in the vial was drawn 
through the tubing into the ethanol compartment of the sensor. The current was 
allowed to reach its peak value and begin to decay before the voltage applied to the 
solenoid pump was switched back to 0 V. The pump then expelled 0.5 mL to purge the 
anode compartment in preparation for the next dose injection. The current was allowed 
to return to its baseline value before injecting the next ‘dose’. Each concentration was 
repeated a minimum of five times before switching to the next sample. Samples were 
tested in order of increasing BAC to minimize the effect of contamination in the tubing 




Figure 2.5: Schematic diagram of experimental setup for dose response calibrations 
 
Peak areas were calculated for a minimum of three peaks for each sample to 
determine the charge produced by oxidation of alcohol at the sensor anode. The 
average charge for each sample was divided by the average mass of Pt in the anode as 
determined by ICP-OES. The moles of ethanol injected were calculated using the known 
concentrations of the ethanol standards and the constant injection volume of 0.5 mL. 
Sensitivity calibration curves were created by plotting normalized charge vs. moles of 
ethanol injected. The slope of the line of best fit gave the sensitivity in units of µC of 
charge produced per gram of Pt in the anode per nanomole of ethanol injected. This 
value will allow for direct sensitivity comparisons with other commercially available 







Chapter 3 - Physical Characterization of the Existing 




3.1 Morphology of MEA 
3.1.1 Cross-sectional View of MEA by Optical Microscopy 
 Optical microscope images were acquired to show the overall MEA morphology. 
Figure 3.1 shows a cross-sectional view of a sensor MEA. The PEM is a thick, porous 
matrix of sintered polyvinyl chloride (PVC) particles.5 Under ambient conditions the MEA 
is approximately 1500 µm thick depending on the membrane hydration.  
The electrodes on both sides of the PEM consist of a thin layer of gold (Au) 
beneath a densely packed catalyst layer. The catalyst layer can be harvested by scraping 
it off with a scalpel without removing the Au sub-layer. The shiny layer of Au is clearly 
visible on both sides of the membrane once both catalyst layers have been removed. 
The purpose of the Au layer is likely to provide a barrier to prevent the catalyst layer 
from penetrating into the porous membrane when the catalyst layer is deposited. The 
Au layer may also increase the electrical conductivity of the electrode and provide a 
surface for the catalyst material to adhere to.  
 




3.1.2 Scanning Electron Microscopy 
3.1.2.1 Membrane Morphology 
Scanning electron microscopy was used to take a closer look at the membrane 
and electrode morphology. Figure 3.2 shows an SEM cross-sectional image of a sensor 
MEA. Under vacuum conditions in the SEM, the dry PEM is approximately 640 µm thick. 
The entire MEA is approximately 680 µm thick, less than half its thickness under 
ambient conditions. Whether dry or wet, the sensor membrane is much thicker than a 
standard Nafion membrane currently used in power generating fuel cells. The most 
commonly used Nafion membranes range from 50 to 178 µm in thickness.38 The thick 
sensor membrane is likely more resistive than a thinner PEM, but it is better for 
preventing ethanol crossover.  
 
Figure 3.2: SEM micrograph of MEA cross-section 
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Figure 3.3 is an SEM image of the PEM showing relatively uniformly sized 
spherical particles approximately 10 µm in diameter. This differs from Nafion and other 
PFSA PEMs that are typically amorphous films rather than ordered structures with 
visible individual particles.  Void spaces between PVC particles in the sensor PEM results 
in large, interconnected pores. The porous PEM is impregnated with liquid electrolyte by 
filling the pores with sulfuric acid solution. This makes it possible for the electrolyte to 
be washed out of the membrane over time. In contrast, Nafion contains hydrated fixed 
SO3
- groups rather than a liquid electrolyte.  
 
Figure 3.3: SEM image of spherical PVC particles in sensor PEM 
3.1.2.2 Morphology of Sensor Electrodes 
 The anode and cathode catalyst layers appear to be identical in thickness, 
morphology and composition. Figure 3.4 shows cross-sectional views of a sensor anode 
and cathode. The catalyst layer is approximately 20 µm thick. In Figure 3.4 b the 
membrane is contracting under the vacuum conditions and beginning to pull away from 
the catalyst layer.  The Au layer can be seen on the membrane where it has detached 
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from the catalyst layer. There are also visible fibers where the catalyst layer is peeling 
away from the Au layer. This is consistent with previous observations of fibrils in Teflon-
bonded Pt electrodes.39  
 
Figure 3.4: Cross-sectional SEM micrographs of sensor a) anode and b) cathode 
3.1.3 Morphology of Harvested Catalyst Material 
Transmission Electron Microscopy (TEM) was used to investigate the morphology 
of harvested catalyst material. Figures 3.5 and 3.6 show TEM micrograph images of 
harvested sensor catalyst material 50, 000 and 20, 000 x magnification. The dark spots 
appear to be 150-200 nm agglomerates of Pt particles and the white spots are likely a 
fluorinated organic binding material. Individual Pt particles are not distinguishable in the 




Figure 3.5: TEM micrograph of harvested catalyst material at 50, 000 x magnification 
 
Figure 3.6: TEM micrograph of harvested catalyst material at 20, 000 x magnification 
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3.1.4 Pt Catalyst Particle Size 
 Powder X-ray diffraction was used to estimate the Pt particle size in catalyst 
material harvested from a fresh sensor. Figure 3.7 shows the XRD spectrum obtained for 
the Pt catalyst. The peaks observed at 39.9°, 46.2°, 67.6° and 81.4° were assigned to the 
Pt (111), Pt(200), Pt(220) and Pt(311) faces respectively of the Pt face-centered cubic 
crystal structure.30 Pt particle size was calculated using the Scherrer equation40,   
  
    
          
                                                             
where d is particle size (diameter), 0.9 is an instrument calibration parameter, λ=1.5406 
Å was the X-ray wavelength, θ is the scattering angle at the peak maximum and B2θ is 
the width of the peak at half its maximum height. For the Pt(200) peak the peak 
maximum was located at θ =23.1° and B2θ =1.3°. The result was a Pt particle size of 
d=6.6 nm. The Pt(111), Pt(220) and Pt(311) peaks gave particle sizes of 7.9, 6.5 and 6.3 
nm respectively, for an average of  6.8 nm. The Pt particles in power generating fuel 
cells are typically 3-5 nm in diameter.6 The sensor catalyst particles are of comparable 
size to other commercially available Pt black catalysts. For example, HiSPECTM 1000 
manufactured by Johnson Matthey is a commonly used catalyst for direct methanol fuel 
cells. Research conducted at Los Alamos National Laboratory reported the particle size 
of HiSPECTM 1000 Pt black to be 6 nm.41  
 Comparing the XRD result with TEM images of the catalyst material, it appears 
the Pt particles are highly agglomerated. XRD revealed the individual Pt particles are 6.8 
nm whereas the TEM showed 150-200 nm agglomerates of Pt. This is expected to 
greatly reduce the ECSA and Pt utilization efficiency since Pt particles inside large 




Figure 3.7: Powder XRD spectrum of catalyst material harvested from a fresh breath 
alcohol sensor MEA 
3.1.5 BET Surface Area of Catalyst Layer 
 The surface area of the catalyst material was estimated by isothermal N2 
adsorption. The BET surface area was determined to be 8.28 m2g-1. This is lower than 
the surface area of other Pt black catalysts on the market. For example, Johnson 
Matthey sells a high surface area Pt black catalyst with a surface area of 28 m2g-1, more 
than three times that of the sensor catalyst.42 Furthermore, the BET surface area of the 
sensor catalyst layer could be greatly improved by dispersing Pt black on a high surface 
area carbon support. Vulcan carbon XC-72, a common fuel cell catalyst support material, 
has a BET surface area of 232 m2g-1.43  
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3.2 Chemical Composition of PEM  
3.2.1 Elemental Composition of PEM 
 Energy Dispersive X-ray Spectroscopy (EDS) was used to identify the elements 
present in the sensor PEM. Figure 3.8 shows the EDS spectrum for a sensor PEM. The 
presence of carbon and chlorine is consistent with identification of PVC as the PEM 
material. Sulfur and oxygen were also present because the PEM is impregnated with 
sulfuric acid electrolyte.   
 
Figure 3.8: EDS spectrum for breath alcohol sensor PEM 
3.2.2 Thermogravimetric Analysis (TGA) of PEM Combustion 
 Combustion analysis of the sensor PEM material was done as a simple test to 
compare it with the combustion behavior of a known PVC sample. Figure 3.8 shows the 
weight percent curve and derivative weight percent curves for combustion of a 
commercial PVC sample and sensor PEM material. The weight loss profile for the sensor 
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PEM looks almost identical to that of the known PVC sample. This supports the 
identification of PVC as the PEM material. 
PVC combustion has been studied extensively in the literature.44, 45 The peak at 
300 °C is due to evolution of hydrochloric acid and possibly a small amount of benzene. 
At 450 °C carbon dioxide, carbon monoxide and methane are generated. Finally, at 560 
°C the membrane combustion is completed with the evolution of more carbon dioxide 
and carbon monoxide.    
PVC is much cheaper and easier to produce than PFSA membranes like Nafion. 
The proton conductivity could be improved by moving to a PFSA type of membrane. 
However, the benefit would have to be considered against the added cost. A cheaper 
alternative to PFSA membranes could be made from sulfonated silica material. Silica is 
hygroscopic and might maintain the membrane hydration and proton conductivity over 
a wider range of temperature and humidity conditions.  
3.3 Chemical Composition of the Electrodes 
3.3.1 Elemental Composition of Sensor Electrodes 
The elemental composition of the sensor electrodes was investigated by 
performing EDS on an MEA. The EDS spectrum is shown in Figure 3.10 and the results 
are summarized in Table 3.1. There is evidently a large amount of Pt and some Au 
present in the sensor electrodes. The Au is in the sub-layer between membrane and 
catalyst layers. The presence of other metals such as Ru and Sn were considered but 
they were not observed by EDS. Therefore, the catalyst layer does not contain bimetallic 
alloys PtSn or PtRu which are commonly used as catalysts in direct alcohol fuel cells. The 





Figure 3.9: TGA weight % and derivative weight % curves for combustion of PVC 




EDS detected carbon and fluorine in the electrodes. The presence of fluorine 
suggests a fluorinated organic binding material in the catalyst layer. The most likely 
candidates are Teflon or Nafion. There is much precedence in the literature for Teflon-
bonded platinum electrodes for ethanol oxidation7, 8 and oxygen reduction35, 46. 
However, Nafion is commonly added to fuel cell catalyst layers as an ionomer for proton 
conductivity as well as a binder. The main difference between Nafion and Teflon is the 
SO3
- groups in Nafion. However, absolutely no sulfur was observed in the catalyst layer 
by EDS, ruling out Nafion as the fluorinated polymer. This seems to confirm Teflon or a 
similar fluoropolymer is the organic binding material in the catalyst layer.  
There was a small amount of chlorine (0.17 weight %) observed by EDS. This 
could be explained by some contamination of the catalyst with PVC from the 
membrane.    
 
Figure 3.10: EDS spectrum of sensor electrode 
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Table 3.1: Tabulated EDS results for sensor electrode 
Element Counts per second Weight Percent Atomic Percent 
Pt 60.85 97.15 93.53 
Au 1.33 2.34 2.24 
Ru 0.00 0.00 0.00 
Sn 0.00 0.00 0.00 
F 0.58 0.34 3.32 
Cl 1.26 0.17 0.91 
S 0.00 0.00 0.00 
 
3.3.2 Metal Loadings in the Sensor Electrodes 
 Inductively coupled plasma-optical emission spectroscopy was performed to 
quantitatively determine the Pt and Au loadings in the sensor electrodes. A series of 
platinum and gold standard solutions were prepared and used to generate the 
calibration curves in Figure 3.11.  
The ICP-OES results for two MEA samples are summarized in the tables below. 
The average total metal loadings in an MEA, counting both electrodes, are 52.2 mg of Pt 
and 1.4 mg of Au. The total electrode surface area is 3.8 cm2, giving Pt and Au loadings 
of 13.7 mgcm2 and 0.4 mgcm2 respectively. The Pt loading is much higher than the 





Figure 3.11: ICP-OES calibration plot for Pt and Au standard solutions 
Table 3.2: ICP-OES results for Pt in sensor electrodes 
Sample 
Intensity at 214.424 nm 
/ counts per s 
Pt Concentration 
/mgL-1 
Total Pt Loading 
/mg 
1 126.96 4.55 56.86 
2 108.48 3.81 47.60 
 
Table 3.3: ICP-OES results for Au in sensor electrodes 
Sample 
Intensity at 242.794 nm 
/ counts per s 
Au Concentration 
/mgL-1 
Total Au Loading 
/mg 
1 783 4.73 1.18 
2 1070 6.45 1.61 
 
y = 6.03E-03x + 4.02E-03
R² = 1.00
































3.3.3 Elemental Composition of Harvested Catalyst Material 
 XPS was performed to determine the elemental composition of harvested 
catalyst material. XPS survey scan spectra are shown in Figure 3.12 for catalyst material 
from two MEAs. The survey spectra are very reproducible and peaks are observed in the 
Pt, C, O, S and F regions as expected based on the EDS results.  Au peaks would appear 
at approximately 84 and 368 eV but none were observed because the catalyst material 
was harvested without removing the Au layer beneath.48 The sulfur 2p 3/2 peak at 169.8 
eV is consistent with sulfuric acid which is reported at 169.60 eV.49 It is likely that 
sulfuric acid electrolyte leached into the catalyst layer from the PEM. 
 
Figure 3.12: XPS survey scan spectra for catalyst material harvested from two different 
fresh sensors 
 A high resolution XPS scan in the Pt 4f region is shown in Figure 3.13. 
Deconvolution of the Pt peaks revealed the presence of Pt0 and PtO. The pair of large 
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peaks at 71.5 and 75 eV arise from zero-valent Pt and the smaller peaks at 72.6 and 77 
eV are due to PtO.50  
 
Figure 3.13: High resolution XPS spectrum in the Pt 4f region. Peak fitting was done 
using Gaussian-Lorentzian curves and a Shirley background. 
A high resolution scan in the carbon 1s region is shown in Figure 3.14. A thin film 
of carbonaceous material, referred to as adventitious carbon, is typically found on the 
surface of samples that have been exposed to the air and is observed at 284.8 eV.49 The 
peak at approximately 293 eV is characteristic of fluorinated carbon. A peak at 292.6 eV 
has previously been assigned to the CF2 group of Teflon.
51 PVC was also considered as a 
possible binding material in the catalyst layer because PVC was identified as the 
membrane material. However, a high resolution scan in the chlorine 2p region revealed 
the absence of Cl peaks, ruling out the presence of PVC as the catalyst binder. The XPS 
results are consistent with EDS analysis of the sensor electrodes, suggesting Teflon-

































Figure 3.14: High resolution XPS spectrum of C 1s region indicating CF2 and CF3 in the 
catalyst layer 
3.3.4 Thermogravimetric Analysis of Catalyst Material 
TGA was used to determine the relative loadings of Pt and organic binder in the 
catalyst layer. Figure 3.15 depicts the weight percent curves and corresponding 
derivative weight percent curves for harvested catalyst material under argon or air. The 
weight percents have been normalized so the weight at 500 °C is the ‘dry weight’ of the 
sample once all volatile components have evaporated. In both air and argon the weight 
loss below 500 °C corresponds to evaporation of water and sulfuric acid. Both samples 
contained approximately 30% of their weight in water or other volatile substances. 
There is a 10% weight loss between 500 and 600 °C in both atmospheres. This 
corresponds to combustion or decomposition of the fluorinated organic binding 
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once all of the organic material undergoes combustion. 90% of the sample weight 
remained after heating in both atmospheres. Therefore, the dry catalyst material 
consists of 90% metal and 10% organic material. EDS and XPS identified the metals as Pt 
and Au and the organic material as Teflon or a similar fluoropolymer. The weight 
percent of metal in harvested catalyst material as determined by TGA is used to 
calculate Pt concentrations in catalyst inks for electrochemical experiments.   
The derivative weight percent curves show more clearly the temperatures at 
which individual decomposition processes occur. The small shoulder observed just 
above 500 °C in the derivative weight percent curve under argon is due to de-
polymerization of Teflon.52 Under air the Teflon simply undergoes combustion. 
Additionally there are small weight losses at 375 °C under argon and 420 °C under air. 
These could be due to evaporation of sulfuric acid (b.p. 327 °C) that leached into the 
electrodes from the membrane.  
3.4 Chemical Composition of Electrode Binding Material 
3.4.1 Images of White Flakes Obtained by Aqua Regia Digestion of MEA 
 After soaking an MEA in aqua regia overnight in preparation for ICP-OES analysis, 
the PVC membrane and white flakes were removed from the metal solution by vacuum 
filtration. Figure 3.16 (a) shows the membrane and flakes that were obtained and Figure 
3.16 (b) is an optical microscope image of a flake. Note that the white flakes in Figure 
3.16 (a) originated from the digestion of two MEAs and therefore do not reflect the 







Figure 3.15: a) Weight percent and b) derivative weight percent curves for harvested 




Figure 3.16: a) a PVC membrane and some white flakes retrieved from the metal 
solution after digesting sensor MEAs in aqua regia, and b) an optical microscope image 
of a flake 
3.4.2 Elemental Composition of Flakes 
 The flakes were analyzed using EDS to identify their elemental composition. The 
EDS spectrum for a flake is shown in Figure 3.17 and the corresponding tabulated data is 
displayed in Table 3.4. These results demonstrate the white flakes are made of carbon 
and fluorine. They are not flakes of PVC from the PEM, otherwise they would contain 
chlorine rather than fluorine. They are also not Nafion because they contain essentially 
zero sulfur. We can conclude that the flakes are the source of the fluorine peaks in the 
XPS spectrum of the catalyst layer.  
Table 3.4: Tabulated EDS Results for White Flakes From Aqua Regia Digestion 
Element Counts per second Weight Percent Atomic Percent 
C 4.45 89.67 93.93 
F 66.48 9.02 5.97 
S 3.17 0.04 0.01 
Pt 3.01 0.99 0.06 





Figure 3.17: EDS spectrum for white flakes retrieved from aqua regia digestion 
3.4.3 IR of Flakes 
 Infrared spectroscopy was used to compare a flake with a piece of Teflon. Figure 
3.18 shows the two IR spectra are nearly identical. The two large peaks appearing in 
both spectra at 1151 and 1206 cm-1 are assigned to the CF2 symmetric and asymmetric 
stretch respectively.53 There are two small peaks in the flake spectrum at 872 and 1045 
cm-1. The source of these peaks is unclear. They likely arise from contaminants from the 




Figure 3.18: FT-IR spectra for a flake and a piece of Teflon sheet 
3.4.4 Raman Spectroscopy of Flakes 
 The IR data supported the identification of the flakes as fluoropolymer from the 
catalyst layer. Raman spectroscopy was performed as an additional test to compare the 
flakes with Teflon. Figure 3.19 shows the Raman spectra for a piece of Teflon and a 
flake. The spectra are essentially identical. It can be concluded from the EDS, IR and 
Raman spectroscopy results that the flakes are fluorinated polymer binder, likely Teflon, 























































Figure 3.19: Raman spectra for a flake and a piece of Teflon sheet 
3.4.5 TGA of Flakes 
 The white flakes obtained after digestion of an MEA in aqua regia appear to be 
fluoropolymer binding material from the catalyst layer. Combustion of the flake material 
was investigated using TGA in order to compare with the combustion of harvested 
catalyst material. Figure 3.20 shows the TGA and derivative weight percent curves for 
combustion of a flake. The flake undergoes almost complete combustion between 500 
and 600 °C as expected for a Teflon-like material.52 The TGA curves for catalyst material 
and flakes are shown overlaid in Figure 3.21. In both air and argon the weight loss 
between 500 and 600 °C for the catalyst material is attributed to the fluoropolymer 




































Figure 3.20: TGA and derivative weight percent curves for combustion of a flake 
heated at 20 °Cmin-1 under flowing air 
   
Figure 3.21: TGA and derivative weight percent curves for harvested catalyst material 
and combustion of a flake 
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3.5 Discussion of Suggested Improvements for Breath Alcohol Sensors 
The materials characterization of commercially available breath alcohol sensors 
revealed several areas in which the existing sensor could be modified to take advantage 
of the recent key developments in fuel cell technology. The first improvement could be 
made easily by using catalyst layers based on current fuel cell technology. One way of 
doing is moving to a carbon-supported Pt catalyst such 20 wt.% Pt on Vulcan-XC-72 (E-
Tek).  This would provide a much higher specific surface area than the Teflon-bonded 
sensor catalyst layer. Reducing the size of the catalyst particles from 6.9 nm to around 3 
nm would allow the mass of Pt to be reduced while maintaining the same Pt surface 
area.  
The Teflon-like fluoropolymer in the sensor catalyst layer acts a binding material 
for the Pt black catalyst. PEMFC electrodes are sometimes fabricated by adding a layer 
of Nafion to a Teflon-bonded catalyst layer. Nafion or a similar ionomer could be added 
into the sensor catalyst layer to provide better proton conductivity in the catalyst layer. 
The hydrophobic fluoropolymer also prevents water condensation on the electrodes 
which could cover catalyst sites block ethanol vapour from reaching them. Water 
management in power generating fuel cells is achieved in part by Teflon-coated gas 
diffusion layers. The sensor electrodes are very dense. The Pt deep inside the catalyst 
layer right near the membrane is likely also the least accessible to ethanol vapour. The 
addition of a more typical hydrophobic gas diffusion layer could improve the utilization 





Chapter 4 - Electrochemical Characterization of  




 Electrochemical measurements were used to characterize the behavior and 
performance of fresh breath alcohol sensors. This was done to establish a set of values 
to serve as a reference for comparison with future measurements. The same set of 
measurements can then be performed on sensors that have undergone accelerated 
degradation tests to determine the changes in properties and behavior of the sensor 
and any new materials that will be developed. Proton conductivity of the PEM, ECSA of 
Pt in the electrodes and sensitivity are characterized here for fresh sensors. Chapter 5 
investigates the impact of varying humidity conditions on each of these properties.  
4.1 Ionic Resistance of Membranes in Sensors of Various Ages 
 In order to investigate the change in membrane conductivity under various 
conditions a baseline set of conductivity values were obtained for a series of sensors at 
various points in their life cycle. It was expected that older sensors would be less proton 
conductive as a result of being exposed to changing humidity conditions. Over time, the 
morphology of the membrane could change. The surface tension exerted by water 
evaporating from narrow pores could cause some pores to contract or collapse. If some 
of the proton-conducting pathways through the membrane become extremely narrow 
or blocked, the ionic resistance of the membrane would likely increase.  
Electrochemical impedance spectroscopy (EIS) was used to compare the ionic 
resistance of the membranes in a series of sensors of various ages.  Used sensors were 
analyzed from production years between 2004 and 2010 along with three unused 
(fresh) sensors from 2010. All of the used sensors had been removed from devices after 
being in use for a period of time. After being received from the provider the sensors 
were stored under ambient conditions (approximately 22°C and 20% RH)  in the 
laboratory for four months. Therefore, the sensors were all equilibrated in identical 
conditions prior to EIS measurements.  
Figure 4.1 is a sample Nyquist plot for an EIS measurement of a breath alcohol 
sensor. The parameters for the line of best fit were determined using ZView software. 




Figure 4.1: Nyquist Plot obtained by EIS measurement for a breath alcohol sensor. The 
Z’ axis corresponds to real impedance (Ω) and the Z” axis corresponds to imaginary 
impedance (Ω). A line of best fit was plotted using ZView software. The HFR 





















The HFR values were obtained from the Nyquist plots for each sensor. Proton 
conductivity of the membrane was calculated from the HFR using equation 4.1. The 
membrane thickness was estimated at 1.5 mm for a sensor at ambient conditions 
(section 3.1.1) and the membrane cross-sectional area is 1.91 cm2. Figure 4.2 compares 
the average HFR and proton conductivity values calculated for sensors of different ages.  
  
                  
                    
                                             
The average HFR for used sensors of all ages was 2.34 ± 0.71 Ω compared with 
3.11 ± 0.21 Ω for the fresh sensors. These values correspond to average proton 
conductivity of 0.037 Scm-1 and 0.025 Scm-1 for used and fresh sensors respectively. 
There did not appear to be any trend in membrane conductivity with sensor age. 
Sensors made in 2004-2008 exhibited similar membrane resistance. Sensors from 2009 
and fresh sensors from 2010 were relatively more resistant whereas used sensors from 
2010 were quite a bit more conductive.  Surprisingly, the fresh sensors were all more 
resistant than the used sensors. However, the standard deviation for the used sensors 
was larger than that of the fresh sensors. This is not surprising because the fresh sensors 
were all assembled at approximately the same time and would have been exposed to 
the controlled temperature and RH conditions of the assembly laboratory. The used 
sensors each experienced a unique set of conditions over their operational lifetime. The 
different conditions could have caused changes in the PVC membrane leading to the 





Figure 4.2: a) High frequency resistance and b) proton conductivity at ambient 
conditions for a series of used sensors of various ages and a fresh sensor from 2010. 
Error bars correspond to the standard deviation of five measurements for used 
sensors and three measurements for fresh sensors. 
61 
 
4.2 Pt Utilization and ECSA of Pt in Catalyst Material Harvested from a Fresh 
Sensor 
 The Pt utilization efficiency and ECSA of Pt was determined for catalyst material 
harvested from a fresh sensor and mixed with solubilized Nafion ionomer. Half-cell 
cyclic voltammetry was used to estimate the real surface area of Pt in the resulting 
catalyst ink. Figure 4.3 shows the CV for 2 µL of catalyst ink deposited on a glassy carbon 
electrode in 0.5 M sulfuric acid. The broad peak at 700 mV in the forward scan is due to 
growth of Pt oxides. Subsequent reduction of Pt oxides produces the peak at 475 mV in 
the reverse scan. The region of interest in the CV is the set of peaks between -280 and 
+100 mV. In this potential range, protons from the sulfuric acid solution adsorb and 
desorb from the Pt surface in the catalyst material as described by the equation 4.2. 
Current is generated by protons adsorbing and desorbing because a transfer of 
electrons occurs at the Pt surface.39 
       
            
                    
            
                       Equation 4.2 
By scanning the potential as low as -280 mV we can assume all the Pt surface 
that is accessible to the sulfuric acid solution will be covered in a monolayer of hydrogen 
atoms.54 The area under the set of hydrogen desorption peaks gives the charge 
associated with the total amount of hydrogen that was adsorbed on the Pt surface. 
Monolayer coverage of hydrogen atoms on a Pt surface gives the known value 210 
µCcm-2.54 The area under the hydrogen desorption peaks in Figure 4.3 was determined 
by integration using Corrview software. The peak integration indicated a charge of 
836.51 µC which was divided by 210 µCcm-2Pt to obtain the real Pt surface area of 3.98 
cm2. The total surface area of Pt was calculated for 6.8 nm particles as determined by 
XRD. The platinum utilization efficiency was estimated to be 42% when 2-5 µL of catalyst 





Figure 4.3: Half-cell CV for 2 µL ink deposit containing Nafion solution 
The mass of Pt in the ink deposit is calculated using the weight composition of 
harvested catalyst material determined by TGA. The ink was prepared using 10.5 mg of 
dry catalyst material. Since the catalyst material is 90% Pt by weight, the total mass of Pt 
in the ink was 9.45 mg. The total volume of ink was 500 µL (400 µL isopropyl alcohol plus 
100 µL 5% Nafion solution). Therefore, the 2 µL ink deposit contained 0.0378 mg of Pt 
on the glassy carbon electrode. Real Pt surface area was plotted against mass of Pt for a 
series of ink deposits in Figure 4.4. A line of best fit was plotted in Microsoft Excel 2007 
and the slope gave the ECSA as 15.8 ± 3.4 m2Ptg
-1
Pt for catalyst material harvested from a 
fresh sensor and prepared as an ink containing 30 wt. % Nafion. Note that the point in 
Figure 4.4 at 2.43 E-03 m2 and 9.45 E-05 g is not used to find the slope because it gives a 
calculated ECSA of 25.7 m2Ptg
-1
Pt, which is more than 2 standard deviations from the 
average ECSA value. The total Pt loading in a sensor electrode was found to be 26.1 mg 
using ICP-OES. Together, the ECSA and Pt loading indicate an overall Pt surface area of 




Figure 4.4: Determination of the Electrochemically Active Surface Area of Pt for a 
catalyst ink prepared using catalyst material harvested from a fresh sensor and 30 wt. 
% Nafion 
The Pt utilization efficiency and ECSA of Pt determined for the sensor catalyst are 
low compared with other catalyst inks reported in the literature. For example, an ECSA 
of approximately 70 m2Ptg
-1
Pt and Pt utilization of 65% were reported for a catalyst ink 
containing 20 wt.% Pt on Vulcan carbon XC-72 (E-Tek, 2.6 nm Pt particles) and 30 wt.% 
Nafion.27 The higher ECSA of the commercial catalyst is partially due to smaller particle 
size (2.6 nm compared with 6.8 nm).27 However, even with comparable Nafion content 
the sensor catalyst achieved less than half the ECSA of the common carbon-supported 
Pt catalyst. The low ECSA and Pt utilization efficiency of just 42 % for the sensor catalyst 
ink are not surprising considering the extent of Pt agglomeration observed by TEM 
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Dispersing the 6.8 nm Pt particles on a carbon black material with high surface 
area such as Vulcan XC-72 would reduce agglomeration and allow the ECSA and Pt 
utilization to better reflect the individual Pt particle size. Alternatively, the Pt black 
catalyst in the sensor electrodes could be replaced with a commercially available 
carbon-supported Pt catalyst such as E-Tek 20 wt.% Pt on Vulcan XC-72. The overall Pt 
loading could then be reduced while maintaining the same ECSA because the Pt 
utilization efficiency would be improved. Using E-Tek 20 wt.% Pt on Vulcan XC-72 and 
assuming ECSA of 70 m2Ptg
-1
Pt as reported above, the Pt loading in the sensor electrodes 
could be reduced by half. In this way, the total surface area of 0.898 m2 that was 
calculated for the sensor catalyst with Nafion ionomer could be achieved using just 12.8 
mg of Pt. 
The ECSA of 15.8 m2Ptg
-1
Pt represents the maximum achievable ECSA in the 
sensor electrodes. Half-cell cyclic voltammetry is performed in optimal conditions where 
the catalyst layer is completely wetted by the liquid electrolyte. All accessible Pt sites 
are in contact with the electrolyte and contribute to the ECSA measurement. In the 
actual sensor operating mode, the electrodes are fed with gaseous reactants. At low 
pressure these reactants do not necessarily reach all of the Pt sites. Therefore, the 
actual ECSA of an operating sensor would be smaller, even as much as 50% smaller than 
the value obtained using the half-cell measurement.36 Furthermore, the presence of 
Nafion in the catalyst ink most likely increases the proton conductivity within the 
catalyst layer, resulting in a higher measured ECSA.55 The sensor electrodes do not 
contain an ionomer, since the fluoropolymer binder is not proton-conducting. 
Therefore, the half-cell ECSA measurement is even more inflated. To investigate the 
improvement in ECSA resulting from adding Nafion solution to the catalyst layer, a 




4.3 Effect of Adding Nafion into the Catalyst Layer on the ECSA of Pt   
 To prepare a catalyst ink without Nafion solution, 11.0 mg of catalyst material 
were harvested from another fresh MEA and mixed with 500 µL 50:50 IPA:H2O solution. 
Half-cell cyclic voltammetry was performed for a series of ink deposits on glassy carbon 
electrodes in 0.5 M sulfuric acid. Sample CVs are shown in Figure 4.15 for 2 µL deposits 
of catalyst inks prepared with and without Nafion solution. The Pt loadings were 
approximately equivalent for the two ink deposits. The ink without Nafion contained 
0.040 mg of Pt, slightly higher than 0.0378 mg for the ink with Nafion. The ink deposit 
containing Nafion solution generated much larger hydrogen adsorption/desorption 
peaks.  
 
Figure 4.5: Half-cell cyclic voltammograms for 2 µL deposits of catalyst inks prepared 




The ECSA of Pt was estimated for the two ink samples using the slope of the line 
of best fit in Figure 4.6. The line of best fit for ink without Nafion is very poor, however 
the slope suggests an ECSA of 9.9 ± 5.7 m2g-1. This is slightly lower than the ECSA of 15.8 
m2g-1measured for the catalyst ink containing Nafion. The addition of Nafion most likely 
improved proton transport through the catalyst material to the Pt surface, thereby 
making more of the Pt surface accessible and catalytically active. 
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4.4 Onset Potential for Ethanol Oxidation at the Pt Surface of Harvested 
Catalyst Material 
 Linear sweep voltammetry (LSV) was used to measure the onset potential for 
ethanol oxidation at the Pt surface of harvested catalyst material. Figure 4.7 shows the 
LSVs for a catalyst ink in 0.5 M sulfuric acid solution with and without 1.0 M ethanol 
solution. Subtracting the LSV for sulfuric acid from the LSV for sulfuric acid + ethanol 
gives the LSV for ethanol oxidation at the electrode. The onset potential for ethanol 
oxidation by the sensor catalyst occurs at approximately 600 mV vs. Ag/AgCl. One way 
to evaluate new catalyst formulations for next generation sensors would be to compare 
their onset potentials for ethanol oxidation against the value determined for the current 
sensor catalyst. Lower onset potential for ethanol oxidation is more desirable.  
 
Figure 4.7: Linear sweep voltammograms for catalyst ink in 0.5 M sulfuric acid solution 
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4.5 Sensory Performance Determined by Dose Response Calibration 
Experiments 
4.5.1 Sensitivity of Fresh Sensors 
A dose response calibration was performed to evaluate the sensory performance 
of a fresh sensor. Ionic resistance of the membrane was determined to be 3.72 Ω by 
making an EIS measurement of the fresh sensor before the dose response experiment. 
The dose response curve is shown in Figure 4.8. Injections of a blank sample did not 
result in any noticeable current response. Peaks with increasing height were generated 
as the sample concentrations increased from 0.010 BAC to 0.150 BAC. The first two 
peaks for a given sample seemed to be required to purge the tube connecting the 
sensor to the sample headspace. During these two measurements the tube contained a 
mixture of the previous, less concentrated vapour and the current, more concentrated 
vapour. This produced smaller peaks for the first two injections. However, by the third 
injection the peak heights tended to level off for the remaining injections. 
Figure 4.9 shows an individual peak produced by a 0.150 BAC injection in the dose 
response experiment. As ethanol was consumed at the anode the current spiked sharply 
and decayed back to the baseline. The current responded almost instantly after each 
dose injection and returned to baseline within approximately 15 seconds. This allowed 
for rapid dose response data acquisition.  
Corrview software was used to integrate the area under the peak in Figure 4.9 to 
determine the charge produced. The integration limits were manually selected to 
include the entire peak until the current returned to the established baseline. All peak 














Figure 4.9: Zoomed view of an individual peak produced by a dose response for a 
0.150 BAC sample  
After calculating the charge for each peak, the average charge for each sample 
concentration was plotted vs. the amount of ethanol injected. The sensitivity calibration 
plot for the fresh sensor is shown in Figure 4.10. The slope of the line of best fit 
indicates a sensitivity of 0.91 µC gPt
-1 nmolethanol
-1. This value serves as a reference with 
which to compare the sensitivity after accelerated membrane dehydration testing. 




















Figure 4.10: Sensitivity calibration plot for fresh sensor with a high frequency 
resistance value of 3.72 Ω 
4.5.2 Sensitivity of Sensors of Various Ages 
 Dose response experiments were performed to determine the sensitivity of a 
series of sensors of various ages. It was expected that older sensors would be less 
sensitive than newer sensors as a result of degradation over time. Figure 4.11 displays 
the sensitivity values obtained for a fresh sensor from 2010 and a series of used sensors 
made between 2003 and 2008. There is no real trend in sensitivity with sensor age. The 
sensors from 2005 and 2006 displayed higher sensitivity than the fresh sensor. The 2004 
sensor was somewhat less sensitive than the fresh sensor and the sensors from 2003 
and 2008 were much less sensitive. These results are in agreement with the results from 
section 4.1 which showed the ionic resistance of the membrane is not determined by 
the age of the sensor. Degradation of sensor performance seems to depend on the 
specific conditions the sensor was exposed to over its lifetime including the in-plant 
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humidity conditions where the sensors were assembled. This will be discussed in more 
depth in chapter 5.    
 
Figure 4.11: Sensitivity comparison among a fresh sensor made in 2010 and used 










































5.1 Introduction to Accelerated Humidity Cycling of Breath Alcohol Sensors 
Accelerated humidity cycling tests were conducted to simulate extremely dry or 
humid conditions and the impact on sensor properties and overall sensory performance 
was investigated. Accelerated humidity cycling was performed on fully assembled 
sensors or MEAs removed from the sensor cells. Removing the MEA from a sensor 
allows the entire MEA to be fully and equally exposed to the imposed conditions. The 
anode is most vulnerable to humidity fluctuations because the anode compartment of 
the cell is open to the atmosphere. The membrane can also become hydrated and 
dehydrated when the sensor is exposed to varying humidity conditions. Since the 
cathode is sealed within an air-tight compartment on the far side of the membrane, it is 
least accessible to humidity from the atmosphere.  
Sensors and MEAs were exposed to humidity cycling using two different 
techniques. One method was to allow sensors or MEAs to equilibrate for 12 hours in the 
humidity chamber at constant temperature and relative humidity. The other method 
involved purging dry or humidified N2 over the anode inside an assembled sensor. Both 
techniques achieved accelerated hydration and dehydration but in slightly different 
ways. The effects of each technique were investigated.   
5.2 Accelerated Humidity Cycling of Assembled Sensors 
5.2.1 Ionic Resistance of Membranes in Sensors Equilibrated in a Humidity 
Chamber 
In this test, three sensors of different ages underwent accelerated humidity 
cycling to investigate the effect of sensor age on membrane resistance behavior. The 
sensors were first equilibrated in dehydrating conditions (30% RH) before cycling to 95% 
RH and then back to 50% RH.  The sensors were exposed to constant temperature and 
RH conditions for 12 hours before being briefly removed from the humidity chamber to 
obtain an EIS measurement.  
Figure 5.1 compares the ionic resistance sensors made in 2004, 2007 or 2010 at 
25 °C while varying the hydration of the membrane. As might be expected, the fresh 
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sensor (2010) began with the lowest membrane resistance. However, the sensor with 
the highest HFR was the medium-aged sensor (2007). After the initial equilibration at 
30% RH the 2010 sensor had an HFR of 2.38 Ω while the used sensors from 2004 and 
2007 had HFR values of 3.10 and 4.35 Ω respectively.  
All three sensors exhibited decreasing membrane resistance as the sensors were 
equilibrated in increasingly humid conditions. Interestingly, all three sensors achieved a 
minimum HFR of 0.70-0.78 Ω under fully hydrated conditions (RH> 90%). The proton 
conductivity of the fully hydrated sensors is comparable with the conductivity of 
hydrated Nafion membranes. Values reported for the proton conductivity of Nafion vary 
depending on the membrane pre-treatment and the conditions of the measurement.38 
Typical values are approximately 0.1 Scm-1 for Nafion 112 and 0.06 Scm-1 for Nafion 
117.56 In low humidity conditions the conductivity of Nafion decreases substantially. 
As the equilibration RH decreased from 95% to 70% the HFR values remained 
fairly constant for all three sensors. Below 70% the three sensors showed markedly 
different behavior. The 2010 sensor experienced a very small increase in membrane 
resistance, up to 0.77 Ω at 50% RH. The resistance of the 2004 sensor increased to 1.35 
Ω, just slightly lower than its value of 1.58 Ω at 50% RH during the hydration phase. The 
membrane resistance of the 2007 sensor jumped to 4.07 Ω at 60% RH, followed by 4.60 
Ω at 50% RH.  
Membrane proton conductivity appears to decrease after a sensor has been in 
use for a period of time. However, conductivity does not appear to be correlated with 
sensor age. Rather, the conditions experienced by a sensor over its lifetime probably 






Figure 5.1: Membrane resistance for sensors equilibrated at 25 °C and different RH 
values 
 
5.2.2 Ionic Resistance of Membranes in Sensors Equilibrated in Hydrating 
Conditions and Dehydrated by Flowing N2 
In practice, sensors typically do not equilibrate under constant temperature and 
humidity conditions over the long term. They are constantly exposed to changing 
atmospheric and operating conditions which could affect the hydration and proton 
conductivity of the PEM. The stability and recoverability of membrane proton 
conductivity was investigated as the membrane hydration was cycled. Figure 5.2 shows 
the Nyquist plots for a sensor undergoing accelerated membrane dehydration cycling. 
The HFRs move to progressively higher values over time as the membrane is 







































Figure 5.2: Nyquist plots for a sensor undergoing accelerated membrane dehydration 
cycling under flowing N2 
Figure 5.3 shows the HFR (a) and proton conductivity (b) of the sensor for two 
cycles of accelerated membrane dehydration cycling. Note that the ionic resistance of 
the membrane increased more slowly on day 2 because the flow rate of N2 dipped after 
about 15 minutes. As a result, the membrane dried out more slowly and less overall on 
the second day.  
On the first day of measurements the HFR started at 5.01 Ω and increased to 
7.13 Ω. After re-hydrating the membrane overnight in the humidity chamber, the initial 
HFR on the second day returned to 5.06 Ω. This demonstrates that after a membrane 
has been dried out for a short period of time, proton conductivity can be recovered by 
rehydrating the membrane in a humid environment. Short-term exposure to dry 
conditions did not lead to an irreversible loss of proton conductivity. The next study 




























Real Impedance, Z' / Ω
0 60 90 120 150 180 200 220
78 
 
hydration and dehydration. It also uses more extreme limits for humidity cycling than 
were used in the current study.    
 
Figure 5.3: High frequency resistance and proton conductivity of a sensor undergoing 
accelerated membrane dehydration cycling 
79 
 
5.2.3 Ionic Resistance of Membrane in Sensors Hydrated and Dehydrated by 
Flowing N2 
The previous study showed the increase in ionic resistance of the membrane to 
be reversible after one cycle of membrane dehydration. In this section, the 
recoverability of proton conductivity after a sensor undergoes multiple cycles and 
greater extents of membrane dehydration. Figure 5.4 illustrates the change in ionic 
resistance of the membrane as it is repeatedly hydrated and then immediately 
dehydrated. The minima represent the ionic resistance of the membrane when it is fully 
hydrated. After the first hydration the HFR reaches a minimum value of 0.91 Ω. The 
seven subsequent cycles generated HFR values of 1.14, 0.93, 0.87, 1.03, 1.04, 1.03 and 
0.96 Ω.   
 
Figure 5.4: Ionic resistance of the membrane during accelerated hydration-
dehydration cycling by alternating dry and humidified N2 
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 Figure 5.5 is a plot of the HFRs on a logarithmic scale for all seven cycles. The log 
scale is more convenient for displaying the data from the final two cycles along with the 
first five cycles. It is important to note that the membrane resistance returns to 
approximately its initial fully hydrated value after each cycle. Particularly after the final 
cycle when the membrane was drastically dehydrated. This confirms the recoverability 
of proton conductivity by re-hydrating the membrane after it has been dried out 
multiple times. It also shows that even extreme dehydration does not cause irreversible 
loss of membrane conductivity.   
 
Figure 5.5: Log scale of membrane resistance during accelerated hydration-
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5.2.4 Sensory Performance after Accelerated Humidity Cycling by Flowing N2 
Loss of membrane proton conductivity as a result of exposure to low-humidity 
conditions was demonstrated to be reversible in the previous two studies. This study 
looks at sensory performance after the accelerated humidity cycling. Sensitivity curves 
were obtained for the sensor that was used in the long-term accelerated membrane 
dehydration testing in the previous section (5.2.3). Dose response experiments were 
performed immediately before and after accelerated hydration cycling and at various 
levels of membrane hydration after cycling.  
 Figure 5.6 summarizes the sensitivity values obtained at various levels of 
membrane resistance before and after accelerated membrane hydration cycling. Each 
sensitivity value is associated with a dose response experiment, labeled DR1 through 
DR5. DR1 is the dose response for the fresh sensor, as discussed above. DR2 is the dose 
response experiment performed immediately following the final hydration step of the 
accelerated membrane dehydration cycling. At that point the membrane resistance was 
very low, with a HFR value of 1.01 Ω. The sensitivity obtained by DR2 was 1.73 µC gPt
-1 
nmolethanol
-1, nearly double the sensitivity obtained by DR1 when the membrane 
resistance was 3.72 Ω. Similarly, DR3 was performed with a high membrane resistance 
of 14.88 Ω. The sensitivity obtained by DR3 was quite low at 0.48 gPt
-1 nmolethanol
-1.   
For DR4 the membrane resistance was returned to almost the equivalent value 
exhibited by the fresh sensor before DR1. DR4 was performed with a resistance of 3.52 
Ω, just slightly lower than 3.72 Ω for DR1. The dose response plot for DR4 is shown in 






Figure 5.6: Sensitivity values corresponding to a series of dose response experiments 
before and after membrane hydration cycling of a sensor. DR1 corresponds to the 
sensitivity measured by a dose response experiment for a fresh sensor with a HFR 
value of 3.72. DR2 through DR5 correspond to the same sensor with different values 





Figure 5.7: Dose response plot for sensor after accelerated membrane dehydration 
cycling, with a high frequency resistance value of 3.52 Ω 
 Figure 5.8 shows the dose responses with the same membrane resistance from 
before (DR1) and after (DR4) accelerated membrane dehydration cycling. DR4 had a 
slightly higher background current as expected since the membrane resistance was 
slightly higher. DR4 also produced slightly smaller peaks than DR1 at each sample 
concentration. It follows that the sensitivity obtained by DR4 was slightly lower than 
that of DR1. Figure 5.9 is the sensitivity calibration curve for DR4. The sensitivity value 
was 0.78 µC gPt
-1 nmolethanol
-1. That corresponds to 14 % lower sensitivity with the same 








Figure 5.8: Dose response curves for sensor before and after membrane hydration 




Figure 5.9: Sensitivity calibration plot for sensor after membrane hydration cycling, 
with a high frequency resistance of 3.52 Ω 
Lastly, DR5 was performed with a HFR value of 5.71 Ω, an increase of more than 
50% increase over the HFR of the fresh sensor. Interestingly, the sensitivity obtained by 
DR5 was almost exactly equal to the sensitivity obtained by DR1 with a value of 0.92 µC 
gPt
-1 nmolethanol
-1. This indicates that the accelerated membrane dehydration cycling did 
not have an impact on sensitivity in subsequent dose response experiments. Although 
sensitivity depends upon the current hydration of the membrane, the sensitivity is 
reproducible over a range of membrane resistance values.    
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5.3 Accelerated Humidity Cycling of Sensor MEAs Removed from Cells 
5.3.1 Water Uptake of MEA Equilibrated in Controlled Humidity Conditions 
This study uses a different technique for accelerated humidity cycling than the 
previous experiments. Rather than flowing N2 through the sensor cell, the MEA was 
removed and allowed to fully equilibrate in controlled humidity conditions. The sensor 
absorbs water from the atmosphere when it is exposed to humid conditions. Only a 
small amount of water would be held within the hydrophobic Teflon-bonded electrodes. 
The majority of absorbed water would be contained in the membrane. The water 
uptake behavior of the membrane was monitored as the membrane was hydrated and 
then dehydrated.  
The original weight of the MEA was 377.5 mg at 22 °C (room temperature) and 
RH< 20 %. Figure 5.10 shows how the MEA weight changed as the RH changed at 
constant temperature. The mass of the MEA increased as the membrane absorbed 
water from the increasingly humid atmosphere. At 25 °C and 80% RH the MEA became 
saturated with water at a weight of 449.2 mg, corresponding to 71.7 mg of absorbed 
water. The weight of the MEA did not increase further after equilibrating the MEA in 25 
°C and 90% RH conditions. The MEA weight decreased as the RH was reduced, however 
it is interesting to note that the weight at each RH was lower during the dehydration 




Figure 5.10: Weight of an MEA as the membrane was hydrated and dehydrated at 
constant temperature of 25 °C or 37 °C in a humidity chamber 
During the 37 °C cycle, the MEA never reached the maximum level of hydration 
that was achieved between 80 and 90% RH during the first cycle. It was expected that at 
a given RH the membrane could absorb more water at a higher temperature. However, 
the previous hydration-dehydration cycle apparently caused a physical change in the 
membrane which reduced the amount of water that could be subsequently absorbed. 
We suspect there are small pores in the PVC membrane that filled with water by the 
process of capillary condensation during the first hydration phase (at 25°C). During the 
first dehydration phase the water in the small pores would exhibit a very large surface 
tension that could cause some of the pores to collapse as the water evaporates. 
Collapsed pores may be inaccessible to water in subsequent hydration processes, 
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One more interesting feature is that there appears to be a change in the slope of 
the graph after 60% RH during the hydration phase of both cycles. The amount of water 
that can be added at each successive RH is larger at RH values greater than 60% than at 
RH values lower than 60%. This could be an indication of the average pore size in the 
membrane.  
5.3.2 Ex-situ ECSA of Catalyst Material Removed from Fresh or Humidity-
cycled MEAs 
This study investigated how the ECSA of Pt in the sensor electrodes was affected 
by the accelerated humidity cycling performed in the previous experiment. The CVs for a 
series of ink deposits made using catalyst material from a fresh MEA and the humidity-
cycled MEA that was tested in section 5.3.1 are shown in Figures 5.11 and 5.12 
respectively. As the volume of ink deposited increases from 2 to 5 µL the size of the 
peaks in the hydrogen adsorption/desorption and Pt oxide regions increase as expected.  
Figure 5.13 compares the CVs for the 2 µL ink deposit from the fresh and 
humidity-cycled MEAs. The hydrogen adsorption/desorption peaks are clearly larger in 
the CV for the fresh MEA indicating that the real surface area of Pt is larger in the 
catalyst ink made from the fresh MEA. The real surface area of Pt was calculated for 
each ink deposit using the area under the hydrogen desorption peak. These values were 
plotted against the mass of Pt in each ink deposit for both catalyst inks as shown in 
Figure 5.14. This takes into consideration the mass of catalyst material and volume of 
solvents used to prepare the ink. It is assumed that the catalyst material from both 
MEAs contained 90% Pt by weight, as previously determined by TGA using catalyst 
material from other MEAs.  
A line of best fit was plotted for each MEA and the ECSA was given by the slope 
of the line. The humidity cycled MEA had a much lower ECSA (4.4 ± 0.7 m2g-1) than the 
fresh MEA (15.8 m2g-1). This suggests the process of hydrating and dehydrating the 
sensor in the humidity chamber greatly reduces the ECSA of Pt in the electrodes. 
Although the Pt was still present in the sensor, it became less catalytically active 
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because less of the Pt surface was accessible to reactants. This result is important 
because it indicates the primary cause of sensor degradation is loss of ECSA of Pt in the 
electrodes as a result of humidity cycling. The loss of ECSA was likely caused by an 
irreversible change in sensor morphology. SEM and TEM images should be obtained for 
sensors before and after humidity cycling to compare the Pt particle size and the 
morphology of the catalyst layer. 
 































































Figure 5.13: Half-cell cyclic voltammograms for 2µ L deposits of catalyst inks from 





Figure 5.14: Determination of ECSA for catalyst from fresh and humidity-cycled 
sensors 
5.4 Discussion of the Primary Cause of Sensor Degradation  
The loss of ECSA of Pt in the electrodes was observed for an MEA that was 
removed from a sensor and equilibrated for 12 hours in controlled humidity conditions. 
In the previous studies, the MEA was not removed from the sensor cell. Rather, the in-
tact sensor underwent accelerated humidity cycling and it was found that membrane 
conductivity and sensory performance are recoverable after the sensor has been 
exposed to short-term extremely dry conditions. In the studies using flowing N2 the 
sensors were dehydrated and then immediately rehydrated. In the final study the 
sensors were constantly exposed to dehydrating conditions for 12 hours in a low-
humidity environment before switching to a more humid setting. This longer-term 
exposure of the MEA to dry conditions seems to accelerate the sensor degradation 






























Mass of Pt in Ink / g
Catalyst from Fresh MEA
Catalyst from Humidity-cycled MEA
93 
 
Poisoning of the Pt surface could cause a loss of ECSA.57 However, loss of ECSA 
due to catalyst poisoning would not be observed in a half-cell cyclic voltammetry 
measurement because the adsorbed species would be oxidized as the applied potential 
is cycled between -280 mV and +1200 mV.31 Even if the Pt surface was previously 
covered by adsorbed species, cyclic voltammetry has the effect of cleaning the catalyst 
surface. Therefore, the loss of ECSA is caused by some irreversible change to the 
electrodes.    
Loss of ECSA has been reported for a power generating PEMFC after undergoing 
accelerated humidity cycling. The electrodes experienced a more than 40% loss of ECSA 
after undergoing 1200 cycles of alternating wet and dry gases. Each cycle consisted of 
flowing dry H2 gas and air through the fuel cell for 20 min followed by wet H2 gas and air 
for 5 min.58 The loss of ECSA was due to delamination of the catalyst layer from the GDL 
and membrane. Delamination would reduce the three-phase boundary by reducing the 
amount of catalyst particles that are in contact with the PEM. A catalyst particle 
becomes inactive when it loses ionic contact with the membrane or ionomer. This could 
happen in breath alcohol sensors that experience a range of humidity.  
The sensor PEM visibly swells when it becomes fully hydrated. Likewise, SEM 
imaging showed the PEM can contract and pull away from the catalyst layer when it 
dehydrates in vacuum conditions (Figure 3.4). As a PEM swells and contracts under 
changing humidity, it is likely that some delamination may occur between the 
membrane and electrodes. This would irreversibly decrease the ECSA of Pt in the 
electrodes. Delamination would also irreversibly increase the ionic resistance of the 
sensor by reducing ionic contact between the membrane and catalyst layer. The 
recoverability of membrane conductivity indicates delamination did not occurr to in-tact 
sensors during short-term exposure to dry conditions. However, delamination may have 











Commercially available breath alcohol sensors could be improved by taking 
advantage of some of the advances in standard materials for power generating fuel cells 
in the past 20 years. The Pt loadings could be reduced by half simply by replacing the 
Teflon-bonded Pt black electrodes with commercially available Pt nanoparticles 
supported on carbon black, such as E-Tek 20 wt.% Pt on Vulcan carbon XC-72. A carbon-
supported catalyst would have a larger specific surface area and should reduce 
agglomeration of Pt particles. Agglomeration of Pt particles in the sensor electrodes 
severely limits the Pt utilization and ECSA of Pt. Also, Pt utilization and ECSA could be 
improved by adding a proton-conducting ionomer such as Nafion or a similar PFSA 
material to the catalyst layer. Bi-metallic Pt-Sn or other Pt alloy catalysts could be used 
in the sensor electrodes rather than Pt black. Pt alloy catalysts could reduce the risk of 
catalyst poisoning and promote more complete oxidation of ethanol to CO2.
33 Increasing 
the number of electrons generated per oxidized ethanol molecule would increase the 
sensitivity toward ethanol.  
The sulfuric acid-impregnated PVC membrane in the sensors has comparable 
proton conductivity to Nafion in hydrating conditions. Therefore, it is probably not 
necessary to replace the PVC membrane with a PFSA membrane to maximize proton 
conductivity. 
Sensor lifetimes could be improved by mitigating sensor degradation in dry 
conditions. The membrane conductivity varies depending on the external environment, 
but any losses in proton conductivity caused by membrane dehydration can be easily 
recovered by rehydrating the membrane. Loss of ECSA after prolonged exposure to low-
humidity is the primary cause of degradation in commercially available breath alcohol 
sensors. Therefore, the largest improvement to sensor lifetime would be achieved by 
using materials that reduce the impact of humidity on the ECSA of Pt in the electrodes. 
It was suggested that adding Nafion or a similar ionomer to the sensor catalyst layer 
would improve the ECSA of Pt. An ionomer could also help maintain ionic conductivity 
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between catalyst particles and the PEM while the PEM swells and contracts in varying 
humidity conditions.  
An alternative membrane that retains water in low-humidity conditions without 
exhibiting substantial swelling in high-humidity could reduce the impact of humidity on 
sensor degradation. Composite Nafion-silica membranes have been proposed for their 
hygroscopic properties as well as for their good proton conductivity and lower ethanol 
crossover than Nafion.16, 18, 23 
Future work in this area should involve development of new Pt-alloy catalysts 
and electrode structures for the next generation of fuel cell-based breath alcohol 
sensor. Similarly, standard membrane materials such as PFSA and sulfonated PEEK 
membranes will be investigated to replace the thick PVC membrane used in the existing 
sensor. Eventually the optimized electrodes will be combined with the new membrane 
to form an entirely new breath alcohol sensor. The sensor performance can be 
evaluated using dose response calibrations. The durability of the new sensor can be 
tested using accelerated humidity cycling and long-term exposure to dry conditions 
while monitoring the effects on ionic resistance of the membrane and ECSA of Pt in the 
electrodes.  
Future research should also involve gaining a better understanding of the 
degradation of the existing sensor. It is apparent that the primary cause of sensor 
degradation is loss of ECSA rather than reduced proton conductivity. However, the exact 
mechanism of ECSA loss is unclear. Morphology changes in the membrane and 
electrodes causing delamination of the catalyst layer from the membrane is a proposed 
cause of sensor failure. Further studies should be performed to investigate this and 
other pathways of ECSA loss.  
Future experiments should include in-situ cyclic voltammetry for MEAs still inside 
the sensor cells. This would allow ECSA to be monitored while dry or humidified N2 
gases are flowed through one side of the sensor cell. These measurements were 
attempted but were unsuccessful to date. Obtaining CVs for an MEA inside the sensor 
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cell requires modifications to the cell to enable gases to flow through both sides of the 
cell. N2 gas should be flowed over the anode while H2 gas is supplied to the cathode to 
provide a stable reference electrode. The N2 gas flowing through the anode could be 
alternated between dry and humidified gas to perform accelerated humidity cycling. In-
situ ECSA measurements would be superior to the ex-situ measurements performed in 
this study because the ECSA could be continuously monitored while the sensor is 
exposed to varying conditions. The ex-situ experiment using harvested catalyst material 
can only be performed once for a given MEA. As a result, the ECSA of a given electrode 
may not be compared with the ECSA of the same electrode under a different set of 
conditions.  
Another future experiment involves performing a dose response calibration for a 
fresh sensor and then removing the MEA from the cell. The MEA will be equilibrated at 
low humidity for a prolonged period (more than 12 hours) in the humidity chamber. The 
MEA will then be re-assembled into the sensor cell and a second dose response 
calibration will be performed. This will give a comparison of sensitivity before and after 
long-term exposure of the MEA to dry conditions. Together, the results of these 
experiments will provide a better understanding of the primary degradation mechanism 
of the sensors in low-humidity environments. Development of the next generation of 
fuel cell-based breath alcohol sensors will incorporate materials and designs to 
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